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I. Introduction 

Nucleoproteins have been recognized by biochemists as components of 
biological systems for nearly 75 years. Their functions in the cell are only 
now beginning to be understood. Nucleoproteins, it is now known, occur 
in both nucleus and cytoplasm. In some way the nucleoproteins of the 
nucleus take part in the processes of reproduction that are known to occur 
in chromosomes. The discovery that plant viruses are self-duplicating 
nucleoproteins has emphasized the fact that chromosomes consist largely of 
nucleoprotein, and has brought forward the possibility that the nucleopro- 
teins of chromosomes are self-duplicating. 

The conception of a self-reproducing substance is more novel for the 
biochemist than it is for the cytologist and the geneticist. In a recent re- 
view of the role of genes in cellular physiology Sewall Wright observes that 

*Tn textbooks of physiology, it is customary to treat the cell as the ultimate living 
unit. The properties of the cell are interpreted as resulting from the interactions of 
individually non-living substances when organized in the physical system characteristic 

1 
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of protoplasm. A different treatment is found in genetics. The ultimate unit of life 
here is not the cell but the gene” (91). 

Even before the rise of genetics it had become clearly recognized by 
cytologists that there are self-duplicating units within the cell itself. By 
the middle of the last century it had become definitely established that 
every cell arises by the division of a pre-existing cell; ornnis cclluld e cellula 
(Virchow, 1855). In the next half-century a brilliant group of cytologists 
laid the foundations of our knowledge of chromosomes. An account of their 
work is given in E. B. Wilson's great book, from which the following pas- 
sage is taken (p. 828). 

“In any general account of tiie history and genetic relations of the chromosomes in 
the life-cycle, we inevitably find ourselves si)eaking of them as if their identity were 
not really lost when they disappear from view in the resting or vegetative nucleus. 
The vast literature of the subject is everywhere colored by the implication that chromo- 
somes, or something which they bear, have a persistent individuality that is carried 
over unchanged from generation to generation. This view has met with some deter- 
mined opposition; but with the advance of exact studies on the chromosomes, skepti- 
cism has gradually yielded to the conviction that the chromosomes must, to say the 
least, be treated as if they were persistent individuals that do not wholly lose their 
identity at any period in the life of the cell but grow, divide and hand on their specific 
type of organization to their descendants. This does not mean that chromosomes are 
to be thought of as fixed and unchangeable bodies. Beyond a doubt they undergo 
complex processes of growth, structural transformation and reduction, in some cases 
so great that not more than a small fraction of the substance of the mother-chromosomes 
at its development is passed on to the daughter-chromosomes. Whether we can rightly 
speak of a persistent individuality' of the chromosomes is a question of terminology. 
What the facts do not permit us to doubt is that chromosomes (conform to the principle 
of genetic continuity; that every chromo.some which issues from a nucleus has some 
kind of direct genetic connection with a corresponding chromosome that has previously 
entered that nucleus.” 

Cytologists did not stop dt even this point. They observed that chromo- 
some threads often have a beaded appearance. These minute beads or 
granules of chromatin were later called chromomeres, and of them Wilson 
says (p. 906) : 

“We are thus brought, finally, to one of the most fundamental conceptions of cytology 
and genetics, namely, that the spireme-threads are linear aggregates of much smaller 
self-perpetuating bodies, aligned in single series, and in definite order .... The chromo- 
meres, whatever their ultimate significance, are capable not only of growth, definite 
alignment and division, but also of conjugating two by two and like with like. To 
some minds, perhaps to many, this result may seem too staggering for serious con- 
sideration. If so, we may, with advantage, reflect on the fact that precisely the same 



CHROMOSOMES AND NUCLEOPROTEINS 


3 


re^lt concerning the relations of the Menclelian unit-factors of genes of heredity had 
been 'independently reached by the exact experimental methods of modern genetic 
analysis.” 

Developments in cytogenetics during the 17 years since this was written 
have amply confii'med this point of view;- chromosomes and genes are self- 
propagating bodies that do not arise de novo. 

At the time that cytologists were showing that chromosomes and even 
chromomeres are self-reproducing bodies, it was known that a considerable 
part of these structures consists of nucleoprotein. It should not be sup- 
posed that there was a ck^ar understanding of the chemical composition of 
chromosomes, but it was generally agreed that the affinity of chromatin for 
basic dyes was due to its nucleic acid content. Cytologists were aware of 
Miescher^s great discoveries. Miescher himself, as can be seen from his 
papers and letters, was interested in biological as well as chemical problems. 

After the discovery of niudeic acid by Miescher, much of the investigation 
in tliis field was carried on by Kossel and Levene and their collaborators. 
For them, nucleic acids were complex organic substances and investigation 
of them became an important chapter in organic chemistry. The contribu- 
tions of Kossel and Levene are, of course, invaluable for an understanding of 
nucleic acids, and accordingly, in the long run, for chromosomes. And, yet, 
it is possible that the absorption of these investigators and others whom 
they influenced in the problems of organic chemistry meant that for some 
time there was little collaboration between cytologists and biochemists in 
the study of chromosomes. 

This period of isolation ended a number of years ago. Biochemists be- 
gan to pay especial attention to those properties of nucleic acids and nucleo- 
proteins, which would help in the study of the nucleus. In most cases this 
meant investigating preparations of these substances that had not been de- 
graded by the methods of isolation, as had been the case in the prepara- 
tions investigated by Miescher, Kossel and Levene. In the midst of this 
‘*back to nature’^ movement of the biochemists there came a momentous 
discovery from an unexpected quarter — the discovery that plant viruses 
are nucleoproteins. These bodies like chromomeres and genes are small 
compared with the cells in which they are reproduced; like chromomeres 
they are made of nucleoprotein; and like genes they mutate. The self- 
duplication of all these bodies appears to require the environment within 
the cell. Just how fruitful for research the analogy between virus and gene 
is, remains to be seen, but in the meantime it is hardly surprising that the 
analogy should be constantly in the minds of investigators. 

It is perhaps surprising to find that this analogy was recognized long be- 
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fore the nucleoprotein nature of any virus had been discovered. The fol- 
lowing passages are taken from a paper written in 1921 : 

* finally, there is a phenomenon . . . which must not be neglected by geneticists. 
This is the d'H4relle phenomenon . . . the substance (t. e., the phage, or, as it is now 
frequently called, the bacterial virus), when applied to colonies of bacteria, become multi- 
plied or increased, and could be so increased indefinitely; it was |elf-propagable. It 
fulfills, then, the definition of an autocatal 3 d;ic substance, and although it may really 
be of a very different composition and work by a totally different mechanism from the 
genes and the chromosomes, it also fulfills our definition of a gene. . . . 

*That two distinct kinds of substances — the d^H^relle substance and the genes — 
should both possess this most remarkable property of heritable variation or ‘muta- 
bility,^ each workihi; by a totally different mechanism, is quite conceivable, considering 
the complexity of protoplasm, yet it would seem a curious coincidence indeed. It 
would open up the possibility of two totally different kinds of life, working by different 
mechanisms. On the other hand, if these d'H6relle bodies were really genes, funda- 
mentally like our chromosome genes, they would give us an utterly new angle from 
which to attack the gene problem. They are filterable, to some extent isolab le, can be 
handled in test tubes, and their properties, as shown by their effects on the bacteria, 
can then be studied after treatment. It w'ould be very rash to call these bodies genes, 
and yet at present we must confess that there is no distinction known between the genes 
and them. Hence we cannot categorically deny that perhaps we may be able to grind 
genes in a mortar and cook them in a beaker after all. Must we geneticists become 
bacteriologists, physiological chemists and physicists, simultaneously with being zoolo- 
gists and botanists? Let us hope so^' (68). 

With the isolation of plant viruses and the discovery that they are 
nucleoproteins, it seems as if Muller's remarkable prophecy may indeed 
come to pass. And yet an interest in viruses is only one of the factors that 
is attracting bacteriologists, biochemists and physicists to the study of 
chromosomes and genes. There are biochemists, as well as cytologists and 
geneticists, who now realize that an understanding of the minute self- 
duplicating particles in chromosomes is essential for the development of 
their science. In this paper an account is given of some of the beginnings 
that have been made in biochemical investigations of chromosomes and of 
nucleoproteins generally. There is no attempt at completeness in the 
account given. 

n. Feulgen’s Nucleal Reaction 

The first contribution of biochemistry since the work of Miescher and 
Kossel to have a direct and immediate value for chromosome chemistry was 
made by Feulgen in 1924 (34). From that time to the present the nucleal 
reaction for desoxyribose nucleic acid has been a useful tool. An indication 
of activity in this field is the size of the bibliography of the nucleal reaction, 
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which up to 1938 fills eighteen pages (65). The value of the nucleal reac- 
tion is its specificity. When a structure appears colored by this procedure 
the cytologist can not only see the structure, but he knows something about 
its chemical constitution — a rare event in cytology. Indeed the nucleal 
reaction is much more like a spot test of the chemist done inside the cell 
than it is like the familiar staining technique of the cytologist. In a spot 
test the color appears usually as a result of the reaction that occurs; in 
staining, a dye is used and whether or not a given structure takes the dye 
depends to a considerable extent on the physical state of that structure as 
well as on its chemical constitution. 

The fuschin-sulfurous acid reagent used by Feulgen has been familiar to organic 
chemists since 1866 as a highly specific test for aldehydes (Schiff’s test). Feulgen 
observed that thymus nucleic acid gives this test after rather gentle hydrolysis (and 
only after hydrolysis) in 1 N HCl, whereas yeast nucleic acid does not. He showed 
that the sugar present in the hydrolysate is responsible for the aldehyde test. Since 
substances with true aldehydic groups are very uncommon in biological material the 
nucleal rea<?tion (Schiff’s test after hydrolysis in 1 iV HCl) is quite specific for thymus 
nucleic acid. Feulgen, himself, discovered the test ten years before he used it to stain 
the nucleus, and it was not until six years after its use in cytology that Levene and his 
collaborators finally succeeded in showing what kind of a sugar (a pentose, desoxy- 
ribose) is responsible for the test (55). 

It may appear surprising that the nucleal reaction is effective cytologically because 
the products of hydrolysis might have been expected to diffuse away as a result of the 
preliminary hydrolysis in HCl. This possibility was carefully considered by Feulgen 
himself; he showed that there is, in fact, no such tendency for the products of hydrolysis 
to wander about in the cell (34). 

The great importance of the nucleal reaction is that it has been the means of demon- 
strating that the nuclei of all cells contain desoxyribose nucleic acid. Until 1924 it 
was thought that although cells of animals contain this nucleic acid in their nuclei, 
nuclei of plant cells contain ribose nucleic acid instead. This supposed distinction 
between animal and plant cells vanished when Feulgen showed that the nuclei of wheat 
embryo cells give an intense nucleal reaction. Thirteen years later the presence of 
desoxyribose nucleic acid in nuclei of plant cells was made certain when this nucleic 
acid was isolated by Feulgen and his colleagues from the nuclei of rye embryo cells 
(by a method to be described later) (33). 

Since Feulgen^s original contribution, cytologists have greatly improved 
the technique of fixation and have modified other important details in the 
use of the nucleal reaction (4, 44). The result of these improvements has 
been that, whereas, at first, there was disagreement among different in- 
vestigators about whether certain nuclei give a nucleal reaction, it is now 
generally agreed that practically all nuclei, whether of plant or animal cells, 
give the reaction, although occasionally, as in the nuclei of certain eggs, 
some react feebly (5, 11). Feulgen, himself, failed to obtain the reaction in 
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yeast, but here again improvements in the technique of fixation yielded 
positive results and indeed provided the final evidence that there is a 
nuclear-like body in yeast (90, 2). That nuclei of all plants and animal 
cells give a nucleal reaction is all the more striking when it is considered that 
even after careful investigation, no nucleal reaction has yet been detected in 
the cytoplasm of any ceM.’*' 

The nucleal reaction has shown an essential and unsuspected chemical 
similarity of animal and plant chromosomes. In the case of bacteria it has 
shown that there exists something resembling the nuclei of cells in higher 
organisms. Until fairly recently there has been considerable doubt as to 
whether anythjjQg analogous to chromatin exists in bacteria, and many of 
those investigators who believed that a chromatin-like material is present 
supposed that it was diffused throughout the bacterial cell. Application of 
standard cytological technique along with the nucleal reagent has clearly 
shown within the past lew years, that many bacteria contain nuclear-like 
bodies when stained by the traditional cytological nuclear dyes and that 
these bodies can indeed be considered analogous to true nuclear structures 
in that they give a positive Feulgen reaction (86, 73). A recent investi- 
gator states that a diffusely distributed chromatinic substance never occurs 
in bacteria and that when it is observed, this is due to faulty cytological 
technique (69). In most cases bacterial nuclei occur embedded within the 
bacterial cell but in resting spores they have been seen ‘^closely attached to, 
but distinct from, a rod of non-chromatinic protoplasm^^ (74). 

The nucleal reaction of Feulgen has provided evidence that the nuclei 
of all cells contain desoxyribose nucleic acid, that this nucleic acid is absent 
from the cytoplasm (at least in quantities detectable by this procedure), 
and that the nuclear-like bodies of bacteria are comparable with nuclei of 
other cells in that they, too, contain desoxyribose nucleic acid. 

m. Investigations of the Nucleus with the Quartz Microscope and 

Ultraviolet Light 

T. Caspersson has carried out a magnificent series of cytochemical in- 
vestigations using a quartz microscope with ultraviolet light. The method 
used by Caspersson depends upon the unique absorption spectrum of 
nucleic acid in the ultraviolet. 

Figure 1 gives tne absorption spectrum of nucleic acid and also that of several pro- 
teins. The position of maximum absorption and the extraordinarily high extinction 

* In this connection it is important to distinguish between the Feulgen nucleal and 
plasmal reactions. 
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coefficient characterize nucleic acid, distinguishing it from other substances present in 
considerable quantity in biological material, so that nucleic acid can be detected by its 
absorption in the ultraviolet even when present in a mixture of proteins and other 
substances, as it is in a cell. 


The unusual ultraviolet absorption spec- 
trum of nucleic acid was observed as far 
back as 1906 by Dhdr6, who commented on 
the high extinction coefficient (30). Dh6r6 
realized that the purine and pyrimidine bases 
in nucleic acid are responsible for its ultra- 
violet absorption spectrum. His obser\'a- 
tions were made on yeast (ribose) nucleic 
acid. In 1931 Heyroth and Loofbourow 
found that thymus (desoxyribose) nucleic 
acid has the same ultraviolet absorption spec- 
trum (43). It should not be supposed that 
an awareness of the spectroscopic properties 
of nucleic acids had become part of the com- 
mon stock of knowledge in biochemistry be- 
fore Caspersson entered the field. Quite the 
contrary; Dh6r6^s observations are not men- 
tioned in Levene’s book on nucleic acids, 
which means that they were far removed 
from the minds of active workers in this field. 

Caspersson was the first to recognize the 
great importance of spectroscopic measure- 
ments in the study of nucleic acids. 

Shortly before Dh6r4^s paper appeared, 

Kohler published a description of the first 
quartz microscope, and, indeed, took with it 
microphotographs of chromosomes (51). 

The two advantages of the ultraviolet micro- 
scope over the ordinary microscope men- 
tioned by Kohler are the increased resolving 
power due to the shorter wave length of 

light used, and, an even more significant advantage, that many objects 
are detectable in living cells because of naturally occurring differences in 
transmission of ultraviolet light, such differences being analogous to those 
brought about artificially by the staining techniques ordinarily used in 
microscopy. The latter advantage is well illustrated by Kohler's micro- 



Fig. 1. — Absorption curves of 


I. 

II. 

III. 

IV. 


0.5% Sodium thymo- 
nucleinate; 

0.5% Histone sulfate; 
5% Protamine sulfate; 
0.5% Serum albumin 
(dotted) (Caspers- 
son). 
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photographs of chromosomes. Kohler pointed out that chromatin absorbs 
ultraviolet light far more completely than does the surrounding protoplasm, 
so that his ultraviolet microphotographs closely resemble those taken with 
visible light of preparations stained with Heidenhain^s hematoxylin. 

Many years later (1928) Kohler again demonstrated the usefulness of the quartz 
microscope, emphasizing this time its value for cytochemical investigations (52). In a’ 
study of the cornea and lens of the eye he clearly showed how in microphotographs 
taken with monochromatic light the relative intensities of certain cell structures (the 
nucleus especially) vary with the wave length of the light used. As the monochromatic 
light passes up through the object on the slide, into the microscope and onto the photo- 
graphic plate the relative densities observed on the plate are an indication of the relative 
quantities of ligh4»absorbed by each microscopic object on the slide. By comparing 
the relative densities at different wave lengths Kohler realized that the absorption 
spectrum of any given microscopic object on the slide can be obtained ; and by compar- 
ing the band so obtained with the absorption spectra of purified, isolated substances 
placed before an ordinary q'uartz spectrograph it is possible to identify the chemical 
constitution of the objects in the microscopic preparation. As an example of the pro- 
cedure, Kohler compared an absorption band lying between 2940 A and 2570 A which 
he observed in a microscopic preparation of the lens of the eye with a band that had 
been discovered in isolated lens proteins. The possibilities pointed out by Kohler 
were not taken advantage of immediately. Several years later (1931) a beautiful 
series of microphotographs of cells in various stages of mitosis were taken by Lucas 
and Stark (58), but it remained for Caspersson (1936) to demonstrate the full power, 
for cytochemistry, of the quartz microscope when used with monochromatic light of 
different wave lengths (14). 

In Caspersson’s hands, methods for the determination of the absorption 
spectra of cell structures have reached a high degree of sepsitivity and pre- 
cision. The apparatus used is still essentially the same as Kohler^s, the im- 
portant changes being the introduction of some new light sources and the 
use of photoelectric instead of photographic methods. Descriptions of 
apparatus and procedure are given in Caspersson^s papers (16). Most of 
the advantages of making cytochemical observations in situ at the highest 
magnifications are obvious. What may not, perhaps, be apparent is that 
an enormous increase in sensitivity is gained. As little as 10““ mg. of pro- 
tein or nucleic acid can be detected within a cell just because the absorbing 
structure is so much smaller than the microcuvette used in the usual spec- 
trographic micro-methods. Caspersson’s procedure can be used to study a 
number of chemical substances in the cell, but so far its most notable suc- 
cess has been with nucleic acids, and this is hardly surprising, consider- 
ing their exceedingly intense absorption and their high concentration in the 
nucleus, and frequently in the cytoplasm as well. 

Caspersson^s results show that nucleic acids dominate the ultraviolet ab- 
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sorption in a chromosome to such an extent that the absorption spectrum of 
a metaphase chromosome is almost like that of pure nucleic acid (14). 

Measurements on a dark band in one of the giant chromosomes of the salivary glands 
of a Drosophila larva also reveal the absorption spectrum of nucleic acid. Figure 2, 
curve 1, shows the absorption spectrum of such a chromosome fragment when com- 
pared with (curve 3) the absorption spectrum of a 10% solution of nucleic acid It 
can be seen that the absorption curve of the chromosome is shifted slightly toward the 
longer wave lengths, due, presumably, to protein present in the chromosome segment. 
Curve 2 shows the absorption spectrum of a part of the same preparation near the edge 
of the cell. This curve shows the maximum, at 2800 A, typical of proteins. The 
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Fig. 2. — Absorption spectra of a chromosome frag- 
ment (Curve 1), of a region near the edge of the same 
cell (Curve 2), and of nucleic acid (Curve 3). (Cas- 
persson (14).) 

absolute height of curve 1, as well as the position of its maximum, shows that it is due 
to nucleic acid, for if Jl were due to protein, its height would require a layer of protein 
of 20% concentration and at least ten times as thick as the layer under observation. 
The concentration of nucleic acid in a chromosome is in the neighborljood of 10%. 

After demonstrating that the dark-staining bands of the giant salivary 
gland chromosomes contain nucleic acid in high concentration, th^t the 
pale bands contain far less, and that both bands contain proteins, Cas- 
persson proceeded to digest away some of the proteins. This was done 
with a trypsin solution to which lanthanum was added in order to precipi- 
tate the nucleic acid in situ while the protein to which it is attached is 
digested and washed away. As digestion proceeds and protein is washed 
away, it is as if a veil were removed, for it can now be seen that within the 
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dark bands there is a structure of more delicate bands that could not be seen 
before (14). 

The quantity of nucleic acid in the nucleus varies under certain condi- 
tions. The variations observed by Caspersson had been noted by earlier 
investigators with the use of stains. The new observations are, however, 
far more convincing. Ultraviolet photographs of nuclei in cells of the 
digestive glands of Helix pomatia show that as secretion proceeds, the 
nuclei contain less and less nucleic acid. Apparently the nucleic acid in the 
nucleus takes part in the metabolic processes as work is done by the gland 
(14). 

During cell division there are considerable changes in the nucleic acid 
content of the nucleus. Caspersson observations on cells dividing in the 
course of spermatogenesis show that the quantity of nucleic acid increases 
in prophase and then decreases again in telophase (15). 

Figure 3 contains the results of analyses on living cells as meiosis proceeds from early 
leptotene to diplotene. In Fig. 3, d is the diameter of the nucleus in K is the 
extinction coefficient at 2570 A and NS is the total amount of absorbing material in the 
cell, reckoned as nucleic acid. It is clear that the increa.se in amount of nucleic acid 
takes place very early, before the contraction of the chromosomes. The condensation 
of chromosomes is accordingly not directly due to the accumulation of nucleic acid. 

Caspersson points out that the increase in nucleic acid occurs at the time 
that splitting of the chromosomes becomes apparent and this leads him to 
suggest that nucleic acid is connected with gene reproduction. Unfortu- 
nately cytogeneticists do not seem to agree about the time that gene repro- 
duction occurs (48). 

The results achieved by the technique bf ultraviolet microscopy have 
been described without reference, so far, to the observations made with the 
Feulgen nucleal reaction. Results yielded by the two procedures concern- 
ing the presence of nucleic acid in chromosomes agree very satisfactorily. 
Agreement is obtained because desoxyribose nucleic acid is present. When 
a structure contains ribose nucleic acid instead, observations made by the 
two methods disagree, and yet supplement each other. By the ultra- 
violet absorption technique both ribose and desoxyribose nucleic acids are 
detectable and, indeed, by this technique alone it is impossible to dis- 
tinguish between the two nucleic acids. This is because absorption in the 
ultraviolet depends on the purine and pyrimidine bases, and the difference 
between the two nucleic acids in this respect is very slight, one of the 
pyrimidines in desoxyribose nucleic acid being methyluracil (thymine) in- 
stead of uracil itself, as in ribose nucleic acid. The nucleal reaction, on the 
other hand, detects desoxyribose nucleic acid only. There is still, unfortu- 
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nately, no specific cytochemical tept !or ribose nucleic acid. At present the 
best indication that a structure contains ribose nucleic acid is that it has the 
absorption spectrum characteristic of a nucleic acid but that it fails to 
give a nucleal reaction; the inference, then, is that ribose nucleic acid is 
present. This is not conclusive evidence, for purines or pyrimidines in 
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Fig. 3. — Changes in nucleic acid content during meiosis. 


considerable concentration might perhaps be present in some other form 
than as nucleic acid, and such is actually the case in striated muscle, in 
which the concentration of adenyl nucleotides is so great that their precise 
localization in the muscle fiber can be determined, as Caspersson and 
Thorell have shown, by the use of the quartz microscope and ultraviolet 
light (23). A further test for ribose nucleic acid is provided by the enzyme, 
ribonuclease, isolated by Kunitz (54). If a structure in the cell appears to 
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contain ribose nucleic acid, in that it has the proper absorption spectrum 
and fails to give a nucleal reaction, the cytologist then applies Kunitz^s 
ribonuclease. Disappearance of the characteristic absorption spectrum 
when reaction products are washed away is taken as confirmation of the 
presence (before treatment with the enzyme) of ribose nucleic acid. And 
yet even this evidence is not conclusive. Assuming that the enzyme is in- 
deed pure and does not contain traces of other enzymes, it is still impossible 
to say that, although it acts on ribose nucleic acid, it acts on nothing else. 
Having mentioned these difficulties, the results of cytochemical tests for 
ribose nucleic acid will be mentioned without further reference to possible 
pitfalls. 

Within the nucleus itself there is a structure that contains ribose nucleic 
acid and little, if any, desoxyribose nucleic acid. The nucleolus, as Cas- 
persson and Schultz have, shown, has an absorption spectrum indicating the 
presence of nucleic acid (22). Since nucleoli, with few exceptions, are known 
to be Feulgen-negative, it is inferred that they contain ribose nucleic acid. 
By observing the response to stains of the nucleolus before and after treat- 
ment with ribonuclease, Brachet has independently demonstrated that the 
nucleolus contains ribose nucleic acid (12). The evidence is now as com- 
plete as present technique permits, for Gersh has recently shown that the 
ultraviolet absorption band characteristic of nucleic acid in the nucleolus 
disappears after treatment with ribonuclease (35). It may be that some 
ribose nucleic acid is present in the chromosomes, along with the great 
quantities of desoxyribose nucleic acid known to be there, but at present 
there is no way of testing this possibility. The great accumulations of 
ribose nucleic acid, it will be seen later, are in the cytoplasm. 

The intense absorption at 2600 A of nucleic acid is, of course, a great 
advantage in cytochemical study, but even when the absorption band of a 
substance is far less intense an analysis may be possible. In a recent study 
Caspersson has attempted to characterize the absorption bands of protein 
present in chromosomes and nucleoli, although the differences in absorp- 
tion upon which the analysis is based are admittedly very slight (17, 18). 
It has already been seen (by comparing curves 2 and 3 in Fig. 2) that pro- 
tein affects the absorption curve of a chromosome. Caspersson believes 
that from the precise nature of this protein effect, it is possible to tell 
whether the protein is of the histone type, containing a high percentage of 
basic amino acids, or whether it is of the same general type as serum al- 
bumin. The ability to distinguish spectroscopically between histones and 
less basic proteins depends upon what appears to be a definite, though small, 
difference in the ultraviolet absorption curves of serum albumin and of 
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histone prepared by acid extraction from the nucleohistone of the thymus 
gland. The histone curves shown by Caspersson unfortunately contain so 
much nucleic acid still adhering to the histone that the point of maximum 
absorption cannot be directly perceived. When the absorption due to this 
impurity is subtracted, it appears that the point of maximum absorption 
of the histone is at a slightly longer wave length than the maximum of 
serum albumin. Ultraviolet absorption curves of a number of different 
histones which have recently been made (67) do not show the difference be- 
tween histone and albumin described by Caspersson. The histones were 
separated by acid extraction from nucleohistones prepared from a great 
variety of sources — thymus, spleen, pancreas, liver, sea-urchin sperm, shad 
sperm. In each case so little nucleic acid remained in the preparation that 
the position of maximum absorption was directly apparent, and in each 
case it was the same — at a slightly shorter wave length than that of egg 
albumin, which is 2800 A. It seems doubtful whether Caspersson’s 
^^histone type of absorption” is in fact due to histone. 


IV. Preparation and Properties of Constituent Parts of Chromosomes 

In preparing the constituent parts of chromosomes there are two prob- 
lems : the first is to make sure that the substances isolated are not derived 
from the cytoplasm; the second is to assure that the methods of isolation 
change the substances as little as possible. Miescher showed that the 
constituents he isolated were indeed derived from the nucleus and not from 
the cytoplasm by first separating the nucleus from the remainder of the 
cell. Since both the pus cells and sperm used by Miescher have but a 
scanty cytoplasm, the problem was not diflficult. A preliminary isolation 
of the nucleus was also necessary when Kossel prepared histone from avian 
erythrocytes, but in this case too, separation of the nucleus was facilitated 
by the peculiar properties of the red cell. A method of separating nuclei 
applicable to plant and animal cells, in general, has been needed. The 
flotation technique devised by Behrens seems to be generally applicable 
(7). In this procedure the tissue is dried, pulverized, and then suspended 
in fluids of specific gravity chosen so that in them nuclear particles are 
separated, when centrifuged, from particles of the cytoplasm and cell mem- 
brane. Behrens has used this method to study the enzymes present in 
separated nuclear and cytoplasmic material (8). Another important use of 
the method was to isolate the nuclei of rye embryo cells and then prepare 
from them desoxyribose nucleic acid (33), which had previously been de- 
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tected in the nuclei of these cells by the nucleal reaction. A somewhat 
simpler method of isolating nuclei is to grind a tissue in 5 % citric acid and 
then separate the nuclei by differential centrifugation (28, 59, 87). 

The methods of extraction used by Miescher, Kossel and Levene were 
quite drastic. The very first step was the separation of nucleic acid and 
protein by strong acid and in later stages of the preparation strong alkali 
and high temperatures were used. It is now known that this rough treat- 
ment depolymerized the nucleic acid to a considerable extent. The earlier 
workers were hardly aware of the existence of high polymers and they were 
only occasionally troubled by suspicions of how they were degrading 
nucleic acid while isolating and purifying it. The fact is, however, that 
with their preparations they worked out many of the fundamental points in 
the organic chemistry of nucleic acid. The need for gentler treatment was 
felt when the biochemist inquired into the functions of nucleus and chromo- 
somes. 

A landmark in the movement to study nucleic acids in relatively intact 
form is the paper published by Einar Hammarsten in 1924 (39). From 
that time to the present, important contributions to the physicochemical in- 
vestigation of nucleic acid have come from Hammarsten^s group in Stock- 
holm. For the preparation of nucleic acid Hammarsten went back to a 
method devised by Bang in 1904, which in the intervening twenty years does 
not appear to have been used (3). The curious thing is that before 1904 
there were a number of workers (Lilienfeld, Huiskamp) who had dis- 
covered that the nucleohistone of the thymus can be prepared by a gentle 
procedure, simply extraction in a large volume of water (56, 47). Bang 
found that the nucleohistone prepared in this manner can be split into 
nucleic acid and histone by saturating with sodium chloride. Nucleic acid 
precipitates in fibrous form when alcohol is added to the salt solution. The 
nucleic acid so prepared readily dissolves in water to form a viscous solu- 
tion. 

The physicochemical properties of the desoxyribose nucleic acid pre- 
pared in this way have been studied by Hammarsten (40), Caspersson, 
Signer (82), Pedersen (88), Astbury (1), Greenstein (36) and their col- 
laborators. The picture that emerges appears important for conceptions 
of chromosomes and genes. Desoxyribose nucleic acid is one of those highly 
polymerized, threadlike particles many of which are now familiar to chem- 
ists both as naturally occurring and synthetic products. That it is highly 
polymerized is shown by its failure to diffuse through a cellophane mem- 
brane and by its rate of sedimentation in the ultracentrifuge. The particles 
of nucleic acid in solution range in size from 200,000 to over 1,000,000. 
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Sedimentation experiments also indicate that the particles have a thread- 
like form, for the sedimentation rate varies markedly with the concentra- 
tion of nucleic acid. The frictional ratio ///o is 2.5, indicating extremely 
asymmetric particles. The conclusions arrived at by sedimentation 
experiments are borne out by observations on the viscosity and double re- 
fraction of flow of desoxyribose nucleic acid in solution. The particles are 
optically negative; that is, their great polarizability is perpendicular to 
the longitudinal axis. Their strongly double refracting components appear 
to be arranged in a definite pattern. It is supposed that the purine and 
pyrimidine rings lie in planes perpendicular to the longitudinal axis of the 
/nolecule. This picture is confirmed by an x-ray study of the fibers. The 
strongest period along the fiber axis is at 3.34 A, an interesting observation 
because this spacing is almost exactly equal to the distance between suc- 
cessive side chains in a fully extended polypeptide. 

The highly polymerized, viscous, birefringent particles of desoxyribose 
nucleic acid are readily depolymerized and so lose their viscosity and bire- 
fringence. The existence of a depolymerase was recognized by Feulgen 
and Levene. Greenstein has made a careful study of thymonucleodepoly- 
merase (37). He finds that extracts of many tissues and the sera of many 
animals possess this activity. In addition to the existence of what appears 
to be a depoly merizing enzyme, proteins show a marked tendency to de- 
polymerize nucleic acid. 

In the chromosomes nucleic acid occurs in association with protein. 
The proteins known to be derived from nuclei are those basic proteins, the 
histones, and protamines, which have been prepared, in most instances, 
from fish sperm. The method of preparation has, in almost every case, 
been essentially the same as the one used by Miescher when he discovered 
protamine by extracting it from salmon sperm with hydrochloric acid. In 
only one case, until recently, has the complex of nucleic acid and protein 
been extracted, as a whole, in relatively intact condition, and this is the 
nucleohistone of the thymus gland. A method has recently been intro- 
duced for preparing the nucleic acid protein complex of chromosomes, 
which seems to be quite generally applicable (67). To extract these nucleo- 
proteins from the cell and to separate them from other cellular constituents 
nothing more drastic is used than neutral sodium chloride solutions of vary- 
ing concentrations. A characteristic common to all these nucleoproteins is 
their solubility in 1 M NaCl and their insolubility in physiological saline. 
The insoluble material is highly fibrous, so that it is readily wound around 
a stirring rod. The nucleic acid present in these substances is desoxyribose 
nucleic acid and the protein is either a histone or protamine, depending oa 



16 


A. E. MIR8KY 


the material from which it is prepared. Histones have been known to be 
constituents of certain cell nuclei for many years, but Kossel, the fore- 
most investigator of histones, believed that they occur not in all nuclei, 
but only in the nuclei of certain kinds of tissues. It can now be seen that 
histones (or in some cases protamines) are probably as universal constitu- 
ents of nuclei as is desoxyribose nucleic acid. Fibrous nucleohistones 
have been prepared from mammalian liver, kidney, spleen, brain, pan- 
creas, thymus; from frog, trout, shad and sea urchin sperm, from the liver, 
spleen and blood cells of the dog fish, and from wheat germ. The nucleic 
acid content of these substances ranges from 31 to 66%. 

These nucleoproteins resemble the nucleohistone prepared in the past 
from thymus glands by extraction with water. A difference between these 
fibrous materials and thymus nucleohistone as ordinarily prepared is that, 
when the latter is precipitated in physiological saline, the precipitate is not 
fibrous. It can be shown that its fibrous character is destroyed by the 
method of preparation. A nucleohistone which precipitates in fibrous form 
can be prepared from the thymus if extraction is accomplished With 1 M 
NaCl instead of with distilled water. This fibrous nucleohistone of the 
thymus is soluble in very dilute salt solutions (0.02 M) and is precipitated 
when the salt concentration is increased to 0.14 M, but the precipitate is no 
longer fibrous. Once the nucleohistone is dissolved in 0.02 M NaCl its 
fibrous character is lost, Nucl^histones extracted with 1 M NaCl from 
liver, spleen and other organs also lose their fibrous character once they 
have been dissolved in 0.02 M NaCl. Nucleohistone is ordinarily pre- 
pared from the thymus by extraction with approximately 0.02 M NaCl 
and this apparently is the reason the material does not precipitate in 
fibrous form. When the fibrous and the nonfibrous materials are both dis- 
solved in 1 M NaCl certain differences between them become apparent: 
the fibrous material is far more viscous and exhibits a more marked stream- 
ing birefringence. Some of the fibrous nucleoproteins, those, for example, 
prepared from wheat germ and trout sperm, are insoluble in 0.02 M 
NaCl (67). 

Although the nucleus was not isolated as a preliminary step in prepara- 
tion of these nucleoproteins there can be little doubt that they are in fact 
derived from nucleus and not from cytoplasm. The first indication of 
nuclear origin is given by the resemblance between the chemical constitu- 
tion of these substances and the constitution of substances known to be 
derived from the nucleus. Further evidence of nuclear origin is that in some 
instances, trout sperm for example, so much material is extracted that the 
scanty cytoplasm present in the cell could not possibly account for it. The 
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nucleus is approximately nine-tenths of the cell volume in trout sperm, and 
over 90% of the dry weight of a sperm suspension is extractable as desoxy- 
ribose nucleic acid and protamine. But the source of the nucleoprotein 
cannot be thus determined by calculation alone in extractions from the 
mammalian liver, in which the nucleus is somewhat less than one-tenth of 
the cell volume. In this case a direct cytological study of the effects of ex- 
traction of cells shows decisively that the nucleoprotein is derived from the 
nucleus (67). There are also indications that impurities derived from the 
cytoplasm are not present to any considerable extent. 

The bond between nucleic acid and protein in the desoxyribose nucleo- 
histone is loose and apparently of a saltlike nature. Bang's discovery that 
histone and nucleic acid in thymus nucleohistone can be separated simply 
by adding neutral sodium chloride in high concentration shows clearly the 
looseness of the bond. Nucleohistones prepared from thymus and other 
tissues can also be separated into their component parts by a procedure 
first used by Sevag (77), in which the nucleohistone solution is shaken with 
a chloroform-octyl alcohol mixture (67). In the course of prolonged shak- 
ing histone accumulates at the water-chloroform interface while nucleic 
acid remains in solution. The effectiveness of this separation is evidence for 
a loose bond between histone and nucleic acid. 

The nature of the bond between protamine and nucleic acid can be shown 
in a different way. The fibrous complex extracted from trout sperm can be 
separated into protamine and nucleic acid simply by dissolving it in 1 ikf 
NaCl and dialyzing against 1 M NaCl. It is found that all the protamine 
passes through the cellophane membrane leaving practically pure nucleic 
acid behind. This experiment, incidentally, shows the small size of the 
protamine molecule, even when, in its preparation, no strong acid is used 
(67). Dialysis of the nucleoprotein against water (instead of against 1 M 
NaCl) precipitates the material in fibrous form. 

The interaction between protein and desoxyribose nucleic acid is strik- 
ingly shown by the fact that the nucleoprotein precipitates in neutral 0.14 
M NaCl. In this medium both histone and nucleic acid are soluble when 
taken separately. Mixing two such solutions of isolated histone and 
nucleic acid results in recombination of the two to form a precipitate. The 
saltlike nature of the complex formed becomes apparent when a protein 
such as serum albumin is used instead of histone. Serum albumin does not 
form a precipitate with nucleic acid in the neighborhood of neutrality, but 
when the medium is made more acid than pH 5 a precipitate appears. 
Serum albumin cannot form a saltlike union with nucleic acid until it is in 
a medium on the acid side of its isoelectric point, and the same is true of 
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histone, but, at neutrality, histone is in a medium far to the acid side of its 
isoelectric point, which is in the neighborhood of pH 11. 

Interaction between histone and nucleic acid is also shown by spreading 
experiments (67). Nucleic acid does not spread at an air- water interface. 
Histone spreads to give a film 7-9 A thick, the thickness characteristic of 
other proteins. Nucleohistone forms a film 15-16 A thick. 

There is interaction between histone and nucleic acid even when the 
nucleohistone is in solution. Experiments in the Tiselius electrophoresis 
apparatus show that nucleohistones of thymus (38) and liver (67) migrate 
as negatively charged, electrically homogeneous single components in 
neutral solution^ pf low ionic strength. When a mixture of nucleic acid and 
serum albumin is placed in the Tiselius apparatus under the same condi- 
tions, two components are observed and yet some interaction between 
nucleic acid and serum albumin can be detected, even on the alkaline side of 
its isoelectric point (85). 

Preparation of nucleoproteins from chromosomes of many different kinds 
of cells makes possible a comparison of these materials from several points 
of view. The cytologist has insisted on the lengthwise splitting of the 
chromosome into precisely equal halves at each cell division. The cyto- 
plasm, on the other hand, is frequently observed to divide quite unequally, 
so that after a number of divisions, a marked cellular differentiation takes 
place. Differentiation of cytoplasm means that re-duplication of chromo- 
somes in different cells of the same organism is accomplished in vastly 
different environments. The question arises: How uniform is the consti- 
tution of the chromosomes throughout the cells of a differentiated organ- 
ism? As an answer to this problem it would be of interest to compare the 
various histones prepared from different tissues of the same organism with 
respect to their amino acid composition and immunological properties. 
Investigation along these lines has only just begun. In the course of pre- 
paring histones, cursory comparisons have been made, and the results so 
far obtained emphasize the resemblance between histones prepared from 
different tissues of the same organism (67). There are, indeed, certain 
uniformities in composition of histones prepared from the most diverse 
sources. They all contain tyrosine; some do, and others do not contain 
cystine; none of them contain tryptophane. The absence of tryptophane is 
striking, when it is considered that these histones were prepared from 
sources as biologically unrelated as the brain of the calf, shad sperm, sea- 
urchin sperm and wheat embryo. In his book on 'The Protamines and 
Histones” (p. 84) Kossel lists thymus histone and the histones prepared 
from two varieties of fish sperm as giving color reactions for tryptophane. 
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Histone prepared from highly purified thymus nucleohistone does not 
give a reaction for tryptophane (67). It would be of interest to extract 
and purify the nucleohistones from the two kinds of fish sperm mentioned 
by Kossel and then test the histones for tryptophane. 

Preparation of nucleohistones from different sources and the separation 
of the nucleic acids from these complexes make possible a comparison of 
the desoxyribose nucleic acids present in different tissues. Using the di- 
phenylamine procedure of Dische (31) it is possible to compare the ratio 
of desoxyribose to phosphorus in various preparations and in this respect 
they all appear to be the same. The reaction with diphenylamine can 
also be used to determine the ratio of purines to pyrimidines in nucleic 
acid. By comparing the intensity of color formed when diphenylamine 
reacts with desoxyribose, with the intensities formed when it reacts with 
the purine and pyrimidine nucleosides of desoxyribose, it is found that 
all of the pentose in a purine nucleoside reacts with diphenylamine whereas 
almost none of the pentose in a pyrimidine nucleoside does. This dif- 
ference, due to the much greater tendency of the purine than of the pyrimi- 
dine nucleoside to be hydrolyzed by the acid present in diphenylamine 
reagent, makes possible a determination of the ratio of purine to pyrimi- 
dine nucleosides in a desoxyribose nucleic acid. All of the nucleic acids 
so far considered, including those from animal sources as well as that 
from wheat germ, agree in having equimolar quantities of purines and 
pyrimidines— a definite restriction in possible variations among the desoxy- 
ribose nucleic acids (66). 

V. Nucleoproteins in Chromosomes 

The desoxyribose nucleoproteins are isolated from chromosomes and 
their properties are investigated with the ultimate purpose of understand- 
ing what part they play as constituents of the chromosomes. Although this 
knowledge is, of course, still fragmentary, it is worth considering. First of 
all comes the curious solubility of the desoxyribose nucleoproteins. They 
are all insoluble, within the neighborhood of neutrality, in physiological 
saline, and yet many of them have the unusual property of being soluble in 
salt solutions that are either more concentrated or less concentrated than 
physiological saline. In the chromosome they must, therefore, be insolu- 
ble. The insolubility of these nucleoproteins appears to be correlated with 
the salt concentration of the body fluids. This correlation is strikingly 
shown when a preparation is made from an elasmobranch fish, such as the 
dog-fish. The osmotic pressure of the body fluids of this fish are equivalent 
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to a sodium chloride solution that is 0.50 M, The nucleoprotein prepared 
from dog-fish is insoluble in 0.50 M sodium chloride (67). And yet nucleo- 
proteins prepared from animals such as the calf or trout (for which physio- 
logical saline is 0.14 M) are soluble in 0.50 M sodium chloride, but insoluble 
in0.14MNaCl. 

The physical properties of chromosomes must be due in large measure to 
the tendency of desoxyribose nucleic acid to polymerize and so form highly 
asymmetric particles. It was at first thought that, in the chromosome, 
these particles are markedly oriented (80), but it now appears that the de- 
gree of birefringence obselrved was due to the use of fixatives and other 
agents. Using dichroism in the ultraviolet as a sensitive indicator of orien- 
tation, Casperssbn has recently shown that in giant salivary gland chromo- 
somes of Drosophila the orientation of nucleoprotein molecules is slight, if 
indeed they are oriented at all (17a). Caspersson suggests that orienta- 
tion of nucleoprotein probably occurs, but on such a small scale that it can- 
not be detected at present. He points out that a nucleic acid chain 0.02 /i 
long, which would be far below the resolving power of the microscope, could 
align a polypeptide chain with a molecular weight of several thousands. 

The chromosome possesses a continuous protein framework the integrity 
of which does not depend upon presence of nucleic acid. This was shown in 
a most elegant manner by Mazia, who used a nuclease prepared from the 
spleen to digest away the nucleic acid of salivary gland chromosomes of 
Drosophila (61). The chromosomes are still clearly visible after nuclease 
treatmemii and they still stain with the ninhydrin protein reagent. The 
removal of nucleic acid is demonstrated by failure of the chromosomes after 
nuclease treatment to give a Feulgen nucleal reaction and by their failure 
to stand out clearly when photographed with ultraviolet light. 

Mazia considers the continuous protein framework of a chromosome to 
be composed of histone (60). This conclusion is based on experiments with 
proteolytic enzymes. When a chromosome is treated with trypsin it is com- 
pletely disintegrated. With pepsin, on the other hand, the integrity of the 
chromosome is maintained, although the volume shrinks considerably. 
Histones are digested to a considerable extent by trypsin while they are 
merely broken down to “histopeptones’^ by pepsin. The shrinkage of the 
chromosome in pepsin is attributed by Mazia to presence of a “matrix'' 
protein with many acidic groups which is digested by pepsin. It seems to 
the writer that the shrinkage could also be explained by the breakdown of 
histone to histopeptone. If a matrix protein with acidic groups should 
prove to be present, it may well be attached to the structure of the chromo- 
some by forming saltlike linkages with the basic groups of histone. Com- 
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pounds of basic proteins with other proteins are well known. An example is 
the protamine-insulin compound used in the treatment of diabetes. 

If histone is considered to form a continuous fibrous structure in the 
chromosome, the question arises as to whether the protamines of fish sperm 
chromosomes also form a continuous structure. The known properties of 
protamines do not seem to fit them for this role. There is so little other 
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Fig. 4. — Experimental values of a (ordinate) are plotted 
against the wavelength (abscissa) for comparison with the 
absorption spectrum of thymonucleic acid (Caspersson, 

1936), the latter being shown as a full curve. (Stadler 
and Uber (84)). 

protein present in the sperm head of salmon and trout that it is puzzling to 
know what protein in this case provides a continuous structure for the 
chromosome. 

The chemical constitution of the chromosome is gradually being eluci- 
dated. The chemical nature of the gene is a far more difficult problem. 
The great accumulation of desoxyribose nucleoproteins in the chromosome 
strongly suggests that these substances either are the genes themselves or 
are intimately related to genes. The close relation between nucleic ftcid 
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and genes is also shown by experiments on the genetic effects of ultraviolet 
radiation. Stadler and Uber have studied the relative genetic effectiveness 
of monochromatic ultraviolet light of various wave lengths on maize (84). 
A great difficulty in the investigation i^ the determination of the effective 
energy at the chromosome because in radiating the pollen grain some energy 
is absorbed before it reaches its target in the chromosome. 



WAVELENGTH IN A 

Fig. 5. — Reciprocal of relative energy at eight wave 
lengths for 2, 4 and 6 per cent mutations. (Hollaender 
and Emmons (46).) 

In Fig. 4 the relative effectiveness of radiation at each wave length is plotted against 
the wave length, and the points so obtained are compared with the absorption spectrum 
of nucleic acid. ^‘Considering the various approximations involved, the agreement is 
surprisingly good and lends further support to the frequently advanced hypothesis 
that nucleic acid is intimately associated with the functioning of the germinal material’^ 
(84). 

The effect of ultraviolet radiation can be studied more precisely on micro- 
organisms than on maize. The complication that arises is that in the fungus 
that has been most carefully investigated the variants produced by irradia- 
tion are not well understood genetically. As a result of experiments on the 
fungus Trichophyton mentagrophytes^ Hollaender and Emmons have plotted 
the reciprocal of the energy required to produce a definite percentage of 
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mutations against the wave length of the radiation used, Fig. 5. The maxi- 
mum at 2650 A coincides with the high absorption coefficient of nucleic 
acids near this wave length (46). 

The kind of experiment that is needed to place the chemistry of the gene 
on a firm basis is one in which substances extracted from the Chromosomes 
of an organism are administered to a mutant form of the same organism 
which suffers from a deficiency in its germinal material. This has been the 
method of endocrinology; a substance extracted from a gland is admin- 
istered to an organism suffering from a ^‘deficiency^^ of this gland. If genes 
are indeed distinct and separable chemical substances, the circumstances 
under which this procedure can be followed may perhaps be discovered. 

VI. C 3 rtoplasmic Nucleoproteins 

It is now known that desoxyribose nucleic acid occurs in the cell nucleus 
and not in the cytoplasm and that nuclear-like bodies containing desoxyri- 
bose nucleic acid are present in yeast and bacteria as well as in the cells of 
higher plants and animals. Ribose nucleic acid, on the other hand, is the 
nucleic acid of cytoplasm in both animals and plants although smaller 
quantities exist in the nucleolus and its presence in other parts of the 
nucleus cannot at present be excluded. 

Until recently it was supposed that desoxyribose nucleic acid is present 
in the nuclei of animal cells only and that ribose nucleic acid is in the nuclei 
of plant cells. Bacteria and yeast were supposed to be without nuclei. 
And yet the presence of ribose nucleic acid in cells of animals was dis- 
covered many years ago by 0. Hammarsten (41). It is rather surprising 
to find that the problem of its localization in the cell does not seem to have 
been mentioned by the earlier workers. The first mention of the problem 
of localization appears in 1924 in Feulgen^s paper on the nucleal reaction 
(34). When Feulgen discovered desoxyribose nucleic acid in the nuclei 
of plant cells, he suggested that ribose nucleic acid is located in the cyto- 
plasm. He showed that the procedure ^followed by Osborne (71) and his 
colleagues in extracting ribose nucleic acid from wheat germ does not affect 
the nuclei of wheat germ cells, and he suggested that the marked basophilic 
character of the cytoplasm of the cells is due to the presence of large quanti- 
ties of ribose nucleic acid. 

Definite proof of the presence of ribose nucleic acid in cytoplasm came 
in 1938 when Behrens and Mahdihassan (in Feulgen^s laboratory) sepa- 
rated the cytoplasm from the nuclei of rye embryo cells by Behrens^ flotation 
method. From the separated nuclei desoxyribose nucleic acid had already 
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been isolated (33). The next step was to isolate ribose nucleic acid from 
the cytoplasmic moiety (6). The isolated ribose nucleic acid amounted to 
3% of the separated cytoplasm. 

A similar distribution of desoxyribose and ribose nucleic acid in the 
nucleus and cytoplasm, respectively, of yeast has been demonstrated by 
Delaporte using less direct methods (29). Washing yeast with water or a 
dilute bicarbonate solution removes the volutin granules of the cytoplasm 
and from the washings ribose nucleic acid can be isoljited. This extraction 
leaves the Feulgen-positive nuclei unaffected. When the cells are subse- 
quently extracted with stronger alkali the Feulgen-positive granules in the 
cell vanish and desoxyribose nucleic acid can be isolated from the extract. 
The ribose nuclSc acid content of yeast determined by extraction and isola- 
tion can amount to as much as 5 to 10% of the dry substance. 

The amounts of ribose nucleic acid present in cells are surprisingly large. 
In some bacteria ribose tiucleic acid accounts for as much as 15 to 20% of 
their dry weight (79). The pancreas contains more ribose nucleic acid than 
any other animal tissue does; 10% of its dry weight consists of this nucleic 
acid (49). These amounts are of course small compared with the 60% of 
desoxyribose nucleic acid present in the sperm heads of some fish but they 
show clearly that ribose nucleic acid is, considered purely quantitatively, 
an important constituent of cytoplasm. 

Recent investigation emphasizes the relation between the basophilic 
character of cytoplasm and its ribose nucleic acid content. Evidence for 
such a correlation was provided many years ago. In 1913 Van Herwerden 
treated a number of different cells with a nuclease prepared from spleen 
and found that as a result of nuclease activity the basophilic properties of 
certain cytoplasmic granules disappeared (89). The effect of nuclease was 
interpreted as demonstrating the presence of nucleic acid in the basophilic 
granules. No distinction was made between the two kinds of nucleic acid. 
More recently Bracket has made a systematic study of basophilic cyto- 
plasmic structures using a nuclease known to act on ribose nucleic acid and 
not on desoxyribose nucleic acid (12). Structures which stain intensely 
with pyronin lose this property after treatment with ribonuclease. In this 
way Bracket has shown that, in general, cells that are strongly basophilic 
owe this property to the presence of ribose nucleic acid. 

Tfie distribution of ribose nucleic acid demonstrated by the use of stains 
and ribonuclease is also demonstrated by ultraviolet microspectropho- 
tometry. The great advantage of the latter method is its quantitative 
nature. Caspersson and his colleagues have carried out an extensive series 
of investigations on cytoplasm of many different cells. This survey of cyto- 
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plasm began with a study by Caspersson and Schultz of growing tissues 
(21). They compared the cytoplasm of rapidly growing cells with that of 
more mature cells in the tissues of Drosophila larvae and in the root-tips 
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Fig. 6. — The ultraviolet absorption spectra 
of the cytoplasm of a cell from the growth 
zone (upper curve) and from the base (lower 
curve). In the dotted curve the values of 
the lower curve are multiplied by the factor 
J to permit a comparison of shapes. (Cas- 
persson and Schultz (21).) 


of plants. They found that where mitoses are occurring there is a high 
concentration of absorbing materials with a spectrum of the nucleic acid 
type. The difference in cytoplasmic absorption spectrum between cells of 



26 


A. E. MIR8KY 


a root-tip which are dividing and others which will no longer divide is 
shown in Fig. 6. The noiidividing cells have a far lower extinction co- 
efficient and a position of maximum absorption characteristic not of nucleic 
acid but of protein. At the end of their paper describing this investigation 
Caspersson and Schultz note that, “It seems likely that a high concentra- 
tion of nucleic acids is the basis of the generally noted basophily of em- 
bryonic tissues.’* This prediction has now been borne out by Caspersson 
and Thorell in a thorough investigation of the chick embryo. Especially 
high concentrations of nucleic acid are present in the cytoplasm of cells in 
the earliest stages of development when the rate of growth is most intense 

( 24 ). 

A similar investigation has been made of yeast, comparing rapidly grow- 
ing cells with other cells (13, 19). In yeast it is possible to show that a high 
concentration of nucleic acid in the cytoplasm is correlated with growth and 
not merely with metabolic activity, for by controlling the composition of 
the medium in which the yeast cells are suspended, it is possible to have a 
culture that is fermenting rapidly hut not growing. In such an active but sta- 
tionary culture the total cytoplasmic nucleic acid is at a relatively low 
level, though the volutin granules can be observed to be rich m nucleic acid. 
When growth occurs a striking increase in ultraviolet absorption due to 
nucleic acid is observed. 

Caspersson considers that since the synthesis of prote in is one of the 
main events occurring in rapidly dividing cells, it is most likely that the 
presence ol high concentrations of ribose nucleic acid in the cytoplasm dur- 
ing growth is in ^ome way concerned with protein synthesis. Protein 
synthesis apart from growth takes place on a grand scale in certain glands. 
It has been estimated that in 24 hours the pancreas produces an amount of 
protein equivalent to as much as 20% of its dry weight. The basophilic 
cytoplasm of many of these gland cells, notably those in the pancreas, have 
long been recognized. Caspersson and his colleagues find that in the pan- 
creas, parotid and other glands, the secretions of which contain large 
quantities of protein, the cytoplasm is rich in nucleic acid (20). When the 
pancreas is stimulated to intense secretory activity by injection of pilo- 
carpin an increase in ribose nucleic acid content occurs, and it can be seen 
that this is especially marked in the region of the nuclear membrane. The 
accumulation of ribose nucleic acid in this region had alfeady been noted 
by Caspersson and Schultz in the sea-urchin egg, and it was suggested that 
synthesis of nucleic acid takes place at the nuclear membrane (22). 

The proteins associated with desoxyribose nucleic acid in the nuclei of 
both animal and plant cells are the histones and protamines. It is not 
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known whether the proteins associated with ribose nucleic acids form as dis- 
tinct a group as the basic proteins of the nucleus. The protein moiety of a 
ribose nucleoprotein would not be expected to be as basic as a histone be- 
cause whereas a nucleohistone contains about 40% of nucleic acid, a ribose 
nucleoprotein usually contains far less nucleic acid, in the neighborhood of 
10%. Very little is known about the proteins of the cytoplasmic nucleo- 
proteins. 

The type of bond between protein and nucleic acid is different in the 
ribose nucleoproteins from what it is in the desoxyribose nucleoproteins. 
In the latter the linkage appears to be primarily of a ^Itlike nature. The 
bond between nucleic acid and protein in a naturally occurring ribose 
nucleoprotein is nonpolar. It is readily broken by some of the procedures 
that have frequently been used to prepare these nucleoproteins. Just what 
the bond is remains obscure, but it certainly is different from the saltlike 
linkage formed when the separated components of a ribose nucleoprotein 
are brought together (42, 78). 

Some of the cytoplasmic nucleoproteins exist in the cell in the form of 
granules. The volutin granules of yeast have already been mentioned as 
containing ribose nucleic acid. It has been stated by Menke that chloro- 
plasts contain ribose nucleic acid (63). Claude has recently shown that 
C3rtoplasmic granules containing nucleoproteins and lipid can be isolated 
from cells by differential centrifugation (25). Granules were isolated from 
mammalian tissues, chicken tumor and yeast. From liver two definite 
fractions were obtained. In one fraction the particles were relatively large, 
ranging in size between 0.5 and 3 The other fraction consists of much 
smaller particles, 60 to 200 mju. Both fractions contain nucleoprotein. 
The small granules are considered to be mitochondria or fragments of 
mitochondria. In them ribose nucleic acid represents as much as 10 to 
15% of the nucleoprotein portion of the particle. Claude has shown that 
physical and chemical agents readily liberate nucleic acid from these 
granules, and he points out that in cytological preparations the basophilia 
of cytoplasm may be due to nucleic acid that has diffused away from in- 
jured mitochondria. 

In this connection the relations between nucleic acid and the volutin 
granules of yeast are of interest, especially since the observations of Cas- 
persson and Brandt were made not on cytological preparations but on liv- 
ing yeast cells by means of ultraviolet light and a quartz microscope 
(19, 13). In resting cells volutin granules containing nucleic acid are pres- 
ent in the hyaloplasm, which absorbs ultraviolet light only feebly. As the 
colls begin to grow ^ the granules swell, multiply and gradually disappear. 
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At the same time the hyaloplasm itself absorbs more and more ultraviolet 
light and finally appears rather hom.ogeneous. Observations of the cells 
in the dark field also show that as the hyaloplasm becomes opaque to ultra- 
violet light the granules disappear. 

VII. Interrelations 

In this paper the nucleoproteins of nucleus and cytoplasm have been dis- 
cussed separately. It can hardly be supposed that they actually exist in 
the cell isolated fro|^ each other. The first indication of a metabolic rela- 
tionship between the two nucleic acids was discovered by Brachet (10). 
It was shown by film that in the unfertilized sea-urchin egg there is far more 
ribose than desoxyribose nucleic acid, but that as the egg develops after 
fertilization the desoxyribose nucleic acid content rises and at the same 
time the quantity of ribose nucleic acid falls. To explain these observa- 
tions Brachet suggested that one nucleic acid is synthesized at the expense 
of the other. Brachet ^s results were adveisely criticized by Blanchard 
because in his preparations of the two nucleic acids from unfertilized sea- 
urchin eggs approximately equal amounts were isolated (9). Bracket's 
results were, however, borne out by the ultraviolet absorption measure- 
ments, made directly on the sea-urchin egg by Caspersson and Schultz 
(22). Their absorption data show that the major part of the nucleic acids 
in the unfertilized sea-urchin egg is Feulgen-negative. 

Since B^achet's work, relationships between the nucleic acids j)f a far- 
reaching nature have been envisaged. The relationships involve three 
regions of the cell: a part of the chromosome known as heterochromaiinj 
the nucleolus and the cytoplasm. The heterochromatin is that part of the 
chromosome which remains visible during the period in the mitotic cycle 
when the chromosome as a whole becomes lost to sight. Now the visi- 
bility of a chromosome whether by staining or by ultraviolet photography 
depends primarily on its nucleic acid content. Heterochromatin may 
therefore be characterized as that portion of a chromosome which jetains 
its high content of nucleic acid in the interphase when the rest of the chro- 
mosome (the i^-called euchromatin) loses much of its nucleic acid. Hetero- 
chromatin has been considered to be genetically inert; no genes have been 
located in it, and it has made little observable difference in an organism 
whether a heterochromatic region of a chromosome were altogether absent 
or present in excess. And yet it has been known for some time that the 
properties of the nucleolus are associated with certain heterochromatic 
regions. The nucleolus, in turn, appears to be connected in some way with 
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the quantity of ribose nucleic acid in the cytoplasm, and it should be re- 
membered that the nucleolus itself contains ribose nucleic acid. It seems 
probable that heterochromatin, though lacking in genes, is not inert but 
serves as a regulator of nucleic acid metabolism both in the nucleus and 
cytoplasm. Heterochromatin, according to this view, is inert only in the 
sense that it is nonspecific in its activity. It has an over-all influence due 
to its control over the production of nucleic acids. The new conception of 
the role of heterochromatin first appears in the work of Caspersson and 
Schultz (81). Much has been added both experimentally and speculatively 
by Darlington (28). The most recent contribution to heterochromatin 
comes from Painter and Taylor (72). They find that in the toad, hetero- 
chromatin is segregated for the most part into discrete granules entirely 
removed from the chromosomes and, though separate, this chromatin still 
appears to function. 


VIIL Viruses 

The viruses that are well defined chemically are the crystalline plant 
viruses. They have been compared with genes for the following reasons: 
because they are self-duplicating bodies, submicroscopic in size; because 
they mutate; and because they are nucleoproteins. Some properties of 
viruses that are of interest in the study of other nucleoproteins will now be 
discussed. 

The plant viruses that have been isolated are all ribose nucleoproteins. 
In this respect they differ from most of the nucleoproteins in the cell 
nucleus, and for this reason they should perhaps be compared with those 
self-duplicating plastids, the chloroplasts, in the cytoplasm of many plants. 
It has been reported that chloroplasts contain ribose nucleic acid (63). A 
comparison of plastids and the plant viruses both from a chemical and an 
evolutionary point of view might be significant. Unfortunately ve!^ little 
is known about the chemical constitution of chloroplasts. When the self- 
duplicating nature of chloroplasts is considered their lamellar structure 
appears to be significant. An ultraviolet microphotograph of a chloroplast 
taken by Kohler and published by Menke shows the lamellar structure 
beautifully (64). 

There are, of course, many viruses in addition to those that have been 
crystallized, and in one of them, vaccinia, it has been definitely shown that 
desoxyribose nucleic acid is present (62, 83). At least 5.6% of the dry 
substance of this virus is desoxyribose nucleic acid (45). This is far less 
than the quantity present in chromosomes. It is comparable to the quanti- 
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ties present in some bacteria. In streptococci 2 to 6% of the dry weight is 
desoxyribose nucleic acid (79). In these bacteria this represents only 10 
to 30% of the total nucleic acid present, the remainder being ribose nucleic 
acid. Little, if any, ribose nucleic acid was found in vaccinia. It is pos- 
sible that in the washing to which vaccinia particles are subjected pre- 
paratory to analysis much ribose nucleic acid is removed. Washing a yeast 
culture removes most of its ribose nucleic acid (without extracting the 
desoxyribose nucleic acid present), and yet after this treatment the cells 
grow when placed in a suitable medium (29). 

In the bacteriophage contradictory results concerning the presence of 
nucleic acid have been reported (70, 50). It is worth noting, however, 
that in a carefuUjr prepared and highly purified sample of phage material, 
a positive Feulgen reaction was obtained (76). This material had a phos- 
phorus content of 3.7% (75). It would be of great interest to know if these 
observations mean that the material contained approximately 40% of 
desoxyribose nucleic acid — the quantity present in many nucleohistones 
(67). 

Concerning the ribose nucleic acid of the crystalline plant viruses there 
is some highly interesting information, the equivalent of which is lacking 
for the ribose nucleic acids of animals and plants. Loring has made a care- 
ful comparison of the ribose nucleic acid prepared from tobacco mosaic 
'virus with that prepared from yeast (57). These two ribose nucleic acids 
apparently differ with respect to one of their pyrimidine nucleotides — 
uridylic acid. The brucine salts of the two uridylic acids differ in their 
optical activity and solubility. Since they agree in their elementary com- 
position, they are probably isomers. It would be interesting to know 
whether such differences occur in other ribose and desoxyribose nucleic 
acids. The specificity of a nucleoprotein may reside in its nucleic acid as 
well as in its protein moiety. 

Ribdse nucleic acid as ordinarily prepared is not nearly as highly poly- 
merized as is undegraded desoxyribose nucleic acid. The highly poly- 
merized desoxyribose nucleic acid particles are markedly asymmetric. In 
making these comparisons it is important to recognize that fairly strong 
alkali is usually employed in the preparation of ribose nucleic acid and that 
if a similar procedure is followed in preparing desoxyribose nucleic acid, it 
also is depolymerized to a considerable extent. It has recently been 
shown that if alkali is not used in the isolation of ribose nucleic acid, at 
least in one instance a preparation with highly polymerized asymmetric 
particles is obtained. 

Cohen and Stanley have prepared ribose nucleic acid from tobacco mosaic 
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virus by a method which avoids the use of alkali (26). In the new proce- 
dure a solution of the virus is heated at 100® for one minute. As a result of 
the heat denaturation, the bond between nucleic acid and protein is broken, 
and most of the nucleic acid remains in the supernatant fluid when the pro- 
tein coagulum is centrifuged. 

This nucleic acid is far more highly polymerized than is the nucleic acid 
prepared from tobacco mosiac virus by treatment with alkali. The highly 
polymerized material has an average particle weight of 300,000. The 
particles are highly asymmetric. They depolymerize spontaneously to 
form asymmetric particles having a molecular weight of approximately^ 
61,000. These particles are broken down by alkali to still smaller parti- 
cles having a molecular weight of 15,000 and an axial ratio of 10. It is 
possible that end to end polymerization of the 15,000 units forms the 61,000 
units and that these in turn polymerize end to end to form the 300,000 
units. On the basis of certain assumptions, it can be calculated that the 

61.000 units are about 700 A long and the 300,000 about 3000 A long. 
The virus molecule itself is 2800 A long and 150 A wide. Either of the 
nucleic acid particles that have not been treated with alkali is too long to 
be able to lie across the virus molecule. Cohen and Stanley point out that 
the long threadlike nucleic acid particles having a molecular weight of 

300.000 have a length which appears to be that of the virus molecule. 

Plant viruses, like animal viruses, occur in numerous strains and there 

can be little doubt that new strains are constantly arising. When a new 
strain appears it is difficult to determine whether a mutation has just oc- 
curred or whether the mutation had taken place at some previous time and 
has become apparent due to factors of selection. If two strains are present 
in a virus-stock a mutation must have taken place at some time, for it can 
be regarded as certain that the viruses grouped together as strains have 
arisen from a common source. 

The differences in general chemical properties between viruses of closely 
related strains are not marked and yet in some cases a mixture of two strains 
can be separated by means of their differences in filterability. Differences 
have also been detected in the immunological properties of related strains. 
Plant viruses are found to be antigenic when injected into animals, and 
anti-sera for closely related strains may be produced. It is then found that 
although related strains react strongly with each other^s sera, they are not 
serologically identical. Each strain contains a number of antigens; the 
more closely related two strains are, the more antigens they possess in com- 
mon, and yet each strain also possesses specific antigens. 

The immunological differences found in related strains of virus are 
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usually attributed to diflFerences in the protein components of the virus 
nucleoproteins, though differences in the nucleic acids have not been ex- 
cluded. Recent investigation shows decisively that there are differences in 
the amino acid constitution of closely related virus strains (53). These 
results form a background for considerations concerning the nature, of 
mutations in the self-duplicating particles of bacterial, plant and animal 
cells. 
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1. Introduction 

The effects of temperature upon enzyme systems have been of interest 
almost since enzymes were discovered over a century ago. Despite this 
fact it is only within the past twenty years that major advances have been 
made in interpreting these phenomena. The development of this field 
has been retarded by serious problems encountered in enzyme kinetics 
(41). Advancement was facilitated by drawing a distinction between the 
two major effects of temperature: (a) that on the enzyme-catalyzed re- 
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action, and (6) that on the inactivation of the enzyme. Both chemists 
and biologists have contributed to the study of temperature effects on 
enzymes; the former have attempted to treat the subject as a problem 
in inorganic catalysis, while the latter have thought in terms of the proper- 
ties of living organisms, endowed with all the complexities of physiological 
systems. Modem enzymologists, making use of both points of view, 
have attempted to integrate the field and to present a plausible interpreta- 
tion of the effects of temperature on enzyme systems, although it must 
be realized that the major problems are as yet unsolved. 


II. CJ^mical Kinetics as a Function of Temperature 

In 1889 Arrhenius (1) examined the available data on chemical kinetics 
as a function of temperature and proposed the following equation as one 
best fitting the data 

= A. ( 1 ) 

dt RT* ^ ^ 


where k is the rate, R the gas constant, T the absolute temperature, t is 
® C. and A’*' a constant which has subsequently been called the activation 
energy. Integration of this equation yields 



R T,) 


( 2 ) 


from which it is obvious that A can be calculated from the rates at two 
different temperatures or from the slope of the straight line when log k 
is plotted against 1/T (A = slope -4- 4.58). Equation (1) may also be 
integrated and written in the form 

k « Ce-A/RT (3) 

where C is a constant. The quantity A was originally identified by 
Arrhenius as a sort of reaction energy for the conversion of normal, inactive 
molecules into reactive ones. The quantity C turns out to be, or at least 
to contain, a ^ffrequency factor^' which is primarily concerned with the 
probability with which active molecules {%. e., those which have acquired 
the necessary activation energy) pass over into products (2). 

While originally an empirical expression for the change of reaction rate 
with temperature, the equation soon received confirmation on theoretical 
grounds, since it can be derived from the vanT Hoff equation which de- 


* In subsequent work Arrhenius and many biologists have used the symbol m instead 
of A, while chemists have largely employed the symbol E or AH*. 
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scribes in a similar way the change in the equilibrium constant, with 
temperature, 

(l]nK AH 
dt ~ RT^ 

where AH is the heat of reaction, and is the algebraic sum of the activation 
energies of the forward and reverse reactions. More recently the Ar- 
rhenius equation has been derived in essentially the same form from the 
collision theory of chemical reactions by Hinshelwood (3) and Moelwyn- 
Hughes (4). The most rigorous development of a theoretical equation 
relating kinetics to temperature has come from statistical mechanics 
where the equation derived is similar to, but not identical with, the Ar- 
rhenius equation {cf. Glasstone, Laidler and Eyring, 5). 

1. Interpretation of the Mechanism of Chemical Reactions 

Chemical reactions including catalytic ones, it is generally agreed, are 
associated with an energy of activation representing the minimum energy 
the system must acquire before it can undergo the appropriate change. 
Only those molecules which have the minimum requirement of energy 
(t. e.y the activation energy) will react. From considerations of the dis- 
tribution of molecular velocities obtained from the Boltzman equation 
the fraction of the molecules having an energy of E or greater is or 

^ ^ e~ E/RT ( 5 ) 

n 

where n* is the number of activated molecules and n is the total number 
of molecules (6). 

The mechanism by which activated molecules are formed is not entirely clear, but 
as a first approximation can be related to a collision frequency in bimolecular and to a 
vibration energy in unimolecular reactions. These factors are represented numerically 
by the constant C in equation (3). Temperature changes the proportion of active 
molecules greatly. For example, an increase of ten degrees at 27® increases the average 
translational energy 10/(273 -f- 27) or only 3.3%. It increases the number of rapidly 
moving molecules very appreciably, however, and in this way accounts for the typical 
high temperature coefficient (Oio) for chemical reactions of 2 to 3. The fraction of 
molecules having an energy of E or greater is assuming E ** 25,000 cal. per 

mole, a rise in temperature from 300® to 310® abs. causes the fraction of molecules having 
energies of 25,000 cal. or more to jump from 5.49 X 10“^* to 20.9 X 10“^*. It is appar- 
ent that a 10® change in temperature has increased by 380% the number of molecules 
having an energy greater than 25,000 cal. (6). 

The activated molecule or complex not only has a higher energy content than the 
average molecule but has this extra energy localized, at least in part, at a particular 
valence bond at which cleavage subsequently occurs. The time required for this locali- 
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zation of energy could account for the time-lag between activation and decomposition. 
In certain reactions this time-lag, which is of the same order of magnitude as the period 
of revolution of an electron in its orbit, may involve the collecting by successive colli- 
sions of sufficient energy at a critical point in the molecule to produce an unstable acti- 
vated complex. The activated complex like other molecules possesses the usual dis- 
tribution of translational and rotational states, and all but one of the expected normal 
modes of vibration. The missing normal mode of vibration has become an intra- 
molecular translation. This represents motion of the parts of the activated complex 
relative to one another and occurs at the point where the activated complex subsequently 
decomposes. 



Fig. 1. — Schematic representation of the mechanism of 
reaction. In order to form the final products the initial re- 
actants must pass over the energy barrier by acquiring the 
activation energy E, thereby becoming an activated complex. 

(From T-aidler and Eyring (7).) 


The mechanism of activation can be visualized by a consideration of 
Fig. 1. Before the initial reactants can be converted into the final products 
the reacting system must “surmount an energy barrier’^ by acquiring the 
activation energy E which is represented by. the difference in energy be- 
tween the initial state and the maximum of the curve, the top of the barrier. 

“From the point of view of its extra degree of translational freedom which corresponds 
to its decomposition along the abscissa of the figure the activated complex is regarded 
as being a free particle in a one dimensional box of length 6. . ..” (Laidler and Eyring, 
7). 

In the activated molecule the length of a bond is increased by about 
10% of its normal value; and the energy of activation has been found to 
be approximately one-fourth the sum of the energies of the bonds involved 
in the reaction. The energy of activation is considerably less than the 
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energy required to break the bonds in the reacting molecules, because 
new bonds are formed in the activated state. Hence the energy of activa- 
tion is the difference between the energy obtaihed by the formation of 
these bonds and the amount necessary to break the bonds in the reactants 
(5). Of the many different pathways by which initial reactants may be 
converted into final products the reaction will proceed by the one involving 
the least energy of activation, and this will be least when a minimum 
number of bonds are broken and formed (6), 

2. Modified Forms of the Arrhenius Equation 

The quantity C in equation (3) may be thought of as a “frequency factor” 
which gives a measure of the rate at which active molecules (^. e., those 
having acquired the necessary activation energy) are converted into 
reaction products. In bimolecular reactions where activation may result 
from collision the rate becomes 

k =* Ze-E/RT (6) 

where Z is the number of collisions per second between reacting molecular 
species. The same equation applies to unimolecular reactions where Z 
is roughly the vibration frequency of atoms in the molecule. Although 
this equation accurately predicts the rates of many reactions, it by no 
means describes all of them. It has therefore become necessary to intro- 
duce the constant P into the equation 

k = PZe-E/RT (7) 

where P is a factor essentially independent of temperature representing 
the unknown conditions such as steric relationships which must be ful- 
filled. It seems reasonable that in many reactions there may be collisions 
of molecules with ample energy which do not react at the moment of colli- 
sion because of unfavorable orientation of the molecules or other circum- 
stances (8). Hinshelwood (3) and Moelwyn-Hughes (4) have been 
especially responsible for demonstrating the wide applicability of the above 
equation in interpreting chemical kinetics. 

Both La Mer (9) and Rodebush (10) have pointed out that the collision theory is 
only an approximation and is not thermodynamically correct, and that actually both 
PZ and E of equation (7) will vary slightly with temperature. Theoretical deriva- 
tions based on statistical mechanics by these workers as well as by Eyring and associates 
(5) have led to a statistical theory of reaction rates which can be expressed in the equation 


k ^ e^S/R e-E/RT 

n 


( 8 ) 
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where h is the transmission coefficient which can usually be assumed to be unity, K is 
Boltzman’s constant, h is Plank’s constant, AS is the entropy of activation in calories 
per degree per mole, and the Qther symbols have their usual meaning. The entropy of 
activation normally changes little with temperature and is independent of the energy 
of activation; its value is determined by the general nature of the activated complex 
and is very sensitive to quantum effects. In a typical reaction it has a small positive, 
value (often about 10 cal./degree) and any large departure from this indicates an 
activated complex in which new degrees of freedom are active (8) (cf, section on enzyme 
inactivation by heat). If it be assumed that the reacting molecules are rigid spheres, 
the statistical and collision theories give the same results, and so the collision theory may 
be considered a special case of, or a first approximation to, the statistical theory (8) . 

S. Kinetics in Heterogeneous Systems 

In heterogeneous reactions involving the adsorption of reactants upon 
the surface of a catalyst, the reacting species require activation by collision 
or otherwise just as in* homogeneous reactions. As would be expected, 
the Arrhenius equation is satisfied, for there seems to be no fundamental 
difference between a catalyzed and an uncatalyzed reaction. The catalyst 
constitutes an additional reactant and, as such, it is incorporated in the 
activated complex. The catalyst will in general lower the energy of acti- 
vation of the reaction and this lowering is perhaps the most important 
factor in catalysis (3), Since the velocity of surface reactions increases 
exponentially with temperature in accordance with the Arrhenius equation 
(11), the adsorbate can be regarded as an Arrhenius intermediate, the de- 
composition of which will normally determine the kinetics and activation 
energy of the over-all reaction (12). The typical heterogeneous reaction 
will involve the following stages: diffusion to the catalytic surface, ad- 
sorption, reaction on the surface, desorption of the products, followed by 
diffusion from the catalytic surface (5). Each of these stages follows 
the Arrhenius equation, but in such a series the over-all rate is determined 
by the rate of passage of activated complexes over the highest energy 
barrier. It is thus possible to disregard all aspects of the reaction other 
than the equilibrium between the initial state and the rate-determining 
activated state. Diffusion may be the slow step (“pacemaker^') in a het- 
erogeneous reaction if the activation energy is very low (roughly 3000 cal. 
per mole), and adsorption or desorption the slow step when the activation 
energy changes with the relative concentrations of catalyst and substrate 
and also changes with temperature.* In the typical reaction, however, 

* This is not true in the case of a reaction on a saturated surface ( a zero order reaction) 
where the rate is independent of concentration and temperature witliin fairly wide limits 
( 11 ). 
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the chemical reaction which occurs on the catalytic surface will determine 
the over-all rate and activation energy. In enzyme reactions, if the same 
principles of chemical kinetics hold true, this rate-determining step will 
normally be the cleavage of the enzyme-substrate complex into enzyme 
plus reaction products. 

III. The Inactivation of Enzymes by Heat 

Enzymologists have long realized that enzyme reactions increase in 
rate with temperature and reach a maximum at the “optimum tempera- 
ture.” Above the optimum the rate decreases with further rise in tem- 
perature. This optimum temperature has been used to characterize a 
particular enzyme, but it is now generally realized that the optimum tem- 
perature is not a constant for a given enzyme, since it varies widely with 
such factors as enzyme and substrate purity, presence of activators and 
inhibitors, and the method used in measuring the rate of the catalyzed 
reaction. Tammann in 1895 (13) correctly explained the optimum tem- 
perature of enzyme reactions by suggesting that two independent processes 
were simultaneously accelerated by^emperature: the catalyzed reaction 
and the thermal inactivation of the'enzyme. By assuming the tempera- 
ture coefficient of inactivation to be greater than that for the reaction, 
the effects of temperature can be explained. At temperatures lower than 
the optimum it is the catalyzed reaction that is chiefly affected, while at 
temperatures higher than the optimum the inactivation of the enzyme by 
heat is the predominant factor. 

As soon as the two effects of temperature upon enzyme-catalyzed reac- 
tions were recognized, the phenomena were studied separately. The effect 
upon inactivation will be considered first and the effect upon the rate of 
the enzyme-catalyzed reaction will be dealt with in a subsequent section. 

The inactivation of enzymes by heat was investigated in the absence of 
substrate; the amount of active enzyme remaining after a given exposure 
to a certain temperature was determined by cooling to a standard tem- 
perature and adding substrate. Temperature inactivation may become 
appreciable at a temperature as low as 30® and for the majority of enzymes 
is very marked at 50-60®. The misconception in arbitrarily choosing 
37.5® as a working temperature in enzyme studies is obvious in view of the 
partial inactivation of some enzymes at this temperature. 

The inactivation of enzymes by heat is usually unimolecular and in- 
creases exponentially with temperature in accordance with the Arrhenius 
equation over a fairly wide range, indicating that the activation energy 
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is independent of temperature changes. From the data presented in 
Table I it is apparent that the activation energies for enzyme inactivation 
by heat are high, usually between 40,000 and 100,000 cal. per mole. On 
the basis of the collision theory of chemical reactions (3), those with such 

Table I 

Energies and Entropies of Inactivation op Enzymes 


Enzyme 

M. 

cal. /mole 

AS , 

cal./degrec/mole 

pH 

Pancreatic lipase (16)* 

46,000 

68.2 

6.0 

Trypsin (16) 

40,800 

67,600 (AH*) 

44.7 

6.5 

Entero-kinase (16) 

42,800 

52.8 

6.5 

Trypsin-kinase (16) 

44,900 

57.6 

6.5 

Pancreatic proteinase (16) 

38,000 

40.6 


Pepsin (15) 

5.5,600 1 

113.3 

6.4 

Pepsin (15) 

67,470t 

135.9 

5.7 

Milk peroxidase (15) 

185,300t 

466.4 


Rennen (15) 

89,350 1 

208.1 


Malt amylase (15) 

41,630t 

52.3 


Invertase (15) 

52,350 1 

84.7 

5.7 

Inver tase (15) 

86,350 1 

185 

5.2 

Invertase (15) 

110,350t 

262.5 

4.0 

Invertase (15) 

74,350 1 

152.4 

3.0 

Emulsin (15) 

44,930 1 

65.3 


Leucosin (15) 

84,300 1 

185 

6.1 

Insulin (15) 

35,600 1 

23.8 

1.5 

Goat hemolysin (15) 

198,000t 

537 


Vibriolysin (15) 

127,950t 

326 


Tetanolysin (15) 

172,6501 

459 


Pancreatic amylase (27) 

39,100 


6.5 

Pancreatic amylase (27) 

41,000 


7.0 

Mussel catalase (28) 

10,000 


7.0 

Beef catalase (30) 1 

45,000 



Kidney catalase (33) 

40,000 


7.0 

Hemoglobin (30) 

60,000 



Papain (29) 

75,000 


7.0 

Solanin (29) 

62,000 


7.0 

Asclepain m (29) 

76,000 


7.0 

Asclepain s (29) 

25,000 


7.0 

Bromelin (29) 

46,000 


7.0 

Luciferase (31, 94, 95) 

55,000 

184 

7.3 

Mold kinase (32) 

53,500 


4.8 


* References to the literature are given in parentheses, 
t AH* not M, M - AH* 4* RT. 
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high activation energies should proceed with zero velocities at normal 
temperatures, yet enzyme inactivation occurs rapidly below 100°. 
Moelwyn-Hughes (14) has explained this discrepancy by assuming 10-20 
internal degrees of freedom in the enzyme molecule. A more elegant ex- 
planation has been offered by Eyring and Steam (15) who interpret the 
rapid rate of enzyme inactivation as related to the high entropy of activa- 
tion. The entropies of activation in cal./mole/degree have been calcu- 
lated for the inactivation of certain enzymes from the statistical theory 
of reaction rates (equation (8)) and are presented in Table I. It is ap- 
parent that the very high entropy increases of the order of magnitude of 
100 cal. /degree, which occur on enzyme inactivation, counterbalance the 
large activation energies and result in rapid reaction rates instead of the 
infinitely slow ones predicted without reference to entropy changes (16). 

Relationship of Heat Inactivation of Enzymes to Protein Denaturation 

The similarity between the high values for the activation energies of 
enzyme destruction and protein denaturation has been pointed out by 
many workers, and has been interpreted as evidence for the protein nature 
of enzymes and for the identity of the mechanisms of heat denaturation 
of proteins and heat inactivation of enzymes. This theory gained in 
plausibility with the demonstration that all crystalline enzymes which 
have been isolated are proteins. The theory was proved to be correct 
for certain crystalline proteases by Northrop and co-workers (17). With 
such crystalling enzymes as pepsin, trypsin and chymotrypsin fhe in- 
activation of the enzyme by heat (as measured by the loss in activity) 
is exactly paralleled by the disappearance of dissolved native protean from 
solution and the precipitation of heat-denatured protein. Such enzyme 
inactivation and denaturation is partially reversible on cooling for pepsin 
and chymotrypsin, and completely reversible for trypsin, if heating has 
not been too prolonged. For trypsin the equilibrium between active and 
inactive (denatured) enzyme shifts with temperature and is characterized 
by a heat of reaction (A// in equation (4)) of 67,000 cal./mole, while the 
activation energy is 40,160 cal./mole (16, 18, 24). The reverse reaction, 
the regeneration of active trypsin, should thus have a negative heat of 
reaction of 40,160 — 67,600 == —27,440 cal. and on the basis of collision 
theory alone should proceed extremely rapidly. The theory of reaction 
rate based on statistical mechanics also takes into account the high loss 
in entropy of — 168.4 cal./degree/mole and leads to the correct value of the 
rate (16). Lucif erase also appears to be an enzyme capable of reversible 
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inactivation by heat with an activation energy of 55,000 cal. (31). Pres- 
sure has a retarding action on the denaturation of luciferase (94, 95). 

Recent work indicates that not only are energies of activation similar 
for enzyme inactivation and protein denaturation, but also that entropies 
of activation fall within the same range for both (5). The high entropies 
of activation are considered indicative of an activated complex in which 
new degrees of freedom become active and suggest that enzyme inactiva- 
tion (denaturation) is essentially a dissociation process (19). More light 
has been cast upon the nature of denaturation by Steinhart’s (20) study of 
the inactivation of crystalline pepsin. The rate of destruction of pepsin 
increases in proportion to the fifth power of the hydroxyl ion concentration; 
this is evidence ^htot the rate is proportional to the concentration of a pepsin 
ion in which all five of the primar}” amino groups have undergone acidic 
dissociation. The over-all energy of activation is 63,500 cal. of which 
45,200 cal. is the heat of xlissociation of 5 amino groups {i. e., 9040 cal. for 
the heat of dissociation of a single proton) and 18,300 cal. represents the 
energy quantity involved in the final activation process according to 
La Mer (21). Eyring and Steam (15) have pointed out that the enormous 
entropy of 136 cal. per degree for pepsin inactivation is almost solely asso- 
ciated with a loss of stmcture or increase in randomness during the ioniza- 
tion process; little change in entropy is involved in the final step of activa- 
tion leading to denaturation. It appears that the first steps in activation 
leading to denaturation involve the breaking apart of salt bridges between 
acid and basic groups held together by hydrogen bonds according to Mirsky 
and Pauling (22). The final step in activation leading to denaturation lies 
in the breaking of one or more bridges which are not destroyed by ioniza- 
tion, such as a covalent cystine bridge (15). 

In view of the role of ionization in the inactivation of pepsin, the energy 
and entropy of activation would be expected to vary with the pH of the 
solution. This is true for many enzymes where p and AS are a maximum 
at the pH of maximum stability of the protein and fall off on either side 
(5, 16, 34). A change in activation energy with pH is by no means uni- 
versal, however, for Pace (23, 24, 25) has reported that p for the denatura- 
tion of certain proteases is essentially constant over a considerable pH 
range. Neither p nor AS for enzyme inactivation changes significantly 
with temperature (16). The energy of activation is much higher for crude 
preparations of enzymes than for highly purified ones, but no explanation 
for this is available (14). When the denaturing agent is not heat, a high 
temperature coeflScient may not occur. For example, Gates (26) found 
that Qio for the inactivation of crystalline pepsin by ultraviolet irradiation 
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(where the action is presumably on such amino acids as tyrosine, trypto- 
phane and phenylalanine) is only 1.021, a value to be expected for a photo- 
chemical reaction. 



Fig. 2. — Curves for the inversion of sucrose 
catalyzed by yeast invertase showing the typical 
linear relationship between log rate and 1/T. 

Upper curve: Rate expressed as mg. invert 
sugar/min. 

Lower curve: Rate expressed as monomolecular 
velocity constants. 

For both curves m «* 11,000 cal. from 0-35®. 

Above 35® the points fall off from the curve due to 
heat inactivation of the enzyme. 

(From Sizer (80).) 

IV. Kinetics of Enzyme-Catalyzed Reactions as a Function of 

Temperature 

1. Review of Early Work 

At temperatures below the optimum the rate of enzyme reactions increases with 
temperature so that a rise of 10® effects an increase in rate by a factor of 1.3-3. 5. It 
has been universally observed that the Qw decreases with the rise in temperature and 
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this decrease has been considered by many a characteristic peculiar to enzyme reactions, 
although Arrhenius and others have pointed out that a fall in Qio with temperature is 
expected on theoretical grounds and is obtained experimentally for chemical reactions. 
Calculations have been made of temperature characteristics (/u in the Arrhenius equa- 
tion) from enzyme data in the older literature and the general conclusion has been 
drawn that enzyme reactions do not follow the Arrhenius equation (35, 36, 37). In 
reviewing the subject, Moelwyn-Hughes (14, 38) pointed out that enzyme-catalyzed 
reactions constitute the notable exception to the rule that chemical reactions follow this 
equation. Tabulations of early work on activation energies will be found in the follow- 


Table III 

Knekgies and Entropies of Activation for the Hydrolysis of Proteins and 
Perswpes by Different Catalysts (from Butt.er, 59) 


C^atalyat 

. Substrate 

Lomo k (on 

1 AH * « 

AS 

Trypsin 

Benzoyl-l-arginine amide 

0.40 

14,900 

- 6.2 

Trypsin 

j Chymotrypsinogen 

2.6 

16,300 

4- 8.5 

Trypsin 

Sturin 

3.33 

11,800 

- 4.7 

Chymotrypsin 

Benzoyltyrosylglycyl amide 

1.57 

10,500 i 

-17.4 

Chymotrypsin 

Pepsin 

2.34 

11,200 

-11.5 

(Hydrogen ion) 

Acetylglycine 

-6.47 (60°) 

21,200 

-24.8 


1 AH* * /i - RT. 


ing references: (16, 30, 35, 36, 37, 38, 39, 40). It should be pointed out, however, that 
much of this early work Is unreliable because of reasons such as the following: 

(а) Lack of quantitative methods. 

(б) Failure to regulate pH and other factors, especially in work done previous to 

1910. 

(c) Failure to avoid temperature inactivation of the enzyme at higher temperatures. 

(d) Improper calculation of rates. This, as Bodansky (41) has emphasized, is a 

serious objection to many studies on enzymes. The custom of using as a 
measure of rate the amount of reaction products produced in a given time at 
different temperatures is invalid in many cases where the kinetics change 
during the course of a single experiment (43) . 

(c) Calculation of n from Qio. A more accurate and reliable method is to calculate 
ju from the slope of the line when log rate is plotted against 1/7’. 

Review of Recent Work 

V 

Much of the recent work on enyzme kinetics as a function of temperature 
indicates, in contrast with early work, that many enzyme reactions follow 
the Arrhenius equation over a wide temperature range up to temperatures * 
where heat inactivation of the enzyme becomes apparent. A typical 
example, the inversion of sucrose by invertase, is shown in Fig. 2. It is 
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apparent that the reaction follows the Arrhenius equation accurately from 
0-35° with an energy of activation of 11,000 cal. per mole. Compilations 
of enzyme reactions which follow the Arrhenius equation over a wide range 
of temperature are presented in Tables II, III and IV. 

Not only do enzyme reactions follow the Arrhenius equation above 0° 
but below this temperature as well (Fig. 3). A sharp break occurs in the 
relationship at about 0° for lipase, trypsin and pepsin, with very high acti- 
vation energies characterizing these systems below and lower energies 


Table IV 

Energies of Activation for the Hydrolysis of the Same Substrate by Enzymes 

FHOM Different Species 


Enzyme 

Source 

Substrate 

Ml cal. /mole 

Invertase 

(80)* 

Yeast 

Sucrose 

11,000 

Invertase 

(43) 

Malt 

Sucrose 

13,000 

J^one phos- 





phatase 

(42) 

Man 

Na /3-glycerophosphate 

9,940 

Bone pho8- 





phatase 

(42) 

Cat 

Na ^-glycerophosphate 

9,940 

Tyrosinase 

(57) 

Mealworm 

Catechol or cresol 

2,700 

Tyrosinase 

(57) 

Mushroom 

Catechol or cresol 

2,700 

Tyrosinase 

(57) 

Potato 

Catechol or cresol 

2,V00 

Urease 

(48) 

Jack bean 

Urea 

8,700 or 11,700 

Urease 

(47) 

Soy bean 

Urea 

8,700 or 11,700 

Urease 

(49) 

Proteus vulgaris 

Urea 

8,700 or 11,700 

Luciferase 

(31) 

Photobacteriufn 

t 




phosphoreum 

Luciferin 

17,000 

Luciferase 

(31) 

Vibrio phos- 





phorescens 

Luciferin 

17,000 

Amylase 

(88) 

Pancreas (hog) 

Starch 

12,500 

Amylase 

(89) 

Malt 

Starch 

12,300 


* References to the literature are given in parentheses. 


characterizing these systems above this temperature (58) (c/. also 75). 
Such a break in the relationship at 0° might be expected in view of the 
changes indicated by Nord (69), which take place in the physical and 
colloidal properties of a system, when it passes from the liquid to the solid 
state. It is generally agreed that enzymes are not inactivated by storage 
at temperatures as low as —186° (58, 75, 77). 

The values obtained, with the exception of tyrosinase, are within the 
range expected for chemical reactions, but are lower than the values for the 
same reactions accelerated by inorganic catalysts. This agrees with the 
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theory that the more eflSicient the catalyst the lower the activation energy, 
since enzymes are more efficient than inorganic catalysts. The value of 
2700 cal. for tyrosinase is in the range of values for diffusion, although 
Gould* has suggested that a photochemical reaction may account for the 
low value. It is doubtful whether adsorption is the limiting factor in any 
of these reactions (11). Since enzyme reactions probably proceed by the 
formation of an enzyme-substrate intermediate (44). 

E S ^ ^ ES ► E reaction products (9) 

A/2 



l/T X 10^ 


Fig. 3. — Log rate of hydrolysis of tributyrin by 
pancreatic lipase is plotted against l/T. A sharp 
break in the curve is apparent at 0®; above 0® a* *= 
7,600 cal., below 0® m = 37,000 cal. Above 50® heat 
denaturation of the enzyme occurs. 

O Digest contains 36.5 per cent glycerol 
• Digest contains no glycerol. 

(From Sizer and Josephson (58).) 


the question arises as to which one of these reactions is characterized by the 
measured activation energy. Recent work by Chance (46) indicates that 
at least for peroxidase the breakdown of the enzyme-substrate complex is 
the slowest step; and thus /x is a measure of the energy required to convert 
the complex into an activated molecule (c/. 59). Indirect evidence in- 
dicates a similar situation for many other enz3mie systems. 


* Personal communication. 
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S, Effects of Various Factors upon the Activation Energy 

The activation energy of an enzyme system theoretically should be 
independent of different environmental changes unless these factors alter 
the catalytic surface of the enzyme. For yeast invertase the activation 
energy was found by Sizer (43) to be essentially unaffected by (a) changes 



Fig. 4.— An Arrhenius temperature plot of the data for 
the dehydrogenation (as measured by the anaerobic reduc- 
tion of methylene blue) of various substrates by Esch^ 
richia coli dehydrogenase. 

(From Gould and' Sizer (56).) 

in pH from 3.2 to 7.9 (similarly for catalase m is independent of pH (78)), 
(6) changes in the electrolyte concentration, and (c) changes in the con- 
centration of enzyme or substrate. The purity of the enzyme plays no 
apparent role in determining the activation energy, since identical p values 
were obtained for crude and partially purified aldehyde-purine dehydro- 
genase of milk (51), for soybean urease in different stages of purification 
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(47), and since impure and crystalline jack bean urease yielded the same 
energy of activation (47). Similarly, the presence of 36.5% glycerol in 
the digest does not affect the activation energy of pancreatic lipase (58). 



Fig. 5. — An Arrhenius plot of the effects of 
temperature upon the jack bean urease-urea sys- 
tem. In a digest containing mild oxidants m = 

11.700 cal. over the whole temperature range 
(curve 1 ). In a digest containing reductants n = 

8.700 cal. at all temperatures below the inactiva- 
tion point (curve 3), but at intermediary oxida- 
tion-reduction potentials the system is imstable, 
and is characterized by energies of activation of 

11.700 cal. below, and 8,700 cal. above the critical 
temperature of 22® (curve 2). 

(From Sizer (48).) 

"rhe activation energy is not independent of all reagents. It would be 
expected that those which modify the catalytic surface would change the 
activation energy as well. Such appears to be the case for jack bean, 
soy bean aild Proteus vulgaris ureases (47, 48, 49) for which the activation 
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energy may be either 8700 or 11,700 cal. (Fig. 5), depending upon the 
presence of either oxidizing or reducing agents which are known to oxidize 
or reduce sulfur link^es in the enzyme molecule (50) and thus modify 
the enzyme activity (93). A similar situation appears to hold true for the 
aldehyde-purine dehydrogenase of milk (51). In the oxidation of suc- 
cinate by the succinic dehydrogenase-cytochrome-cytochrome oxidase 
system the addition of cyanide or other poisons causes the n value to shift 
(52, 53) (c/. Fig. 6). In such a system involving several steps, the 
inhibitor may retard only one step permitting it to become the slowest or 
rate-determining link upon which the activation energy depends. 

Not only may the activation energy of an enzyme system be changed 
by the addition of an oxidizing or a reducing agent to the digest, but when 
the enzyme is in a metastable condition the activation energy may change 
suddenly at a critical temperature from one value to another. This point 
may be illustrated with jack bean urease, Fig. 5, where in the presence 
of mild reductants m = 8700 cal. (curve 3) and with oxidants /x = 11,700 
cal. (curve 1), while at intermediate oxidation-reduction potentials (about 
440 mv. for crystalline urease) m = 11,700 below and 8700 cal. above 
22® (curve 2). A similar critical temperature with different activation 
energies above and below this point has also been encountered by Sizer 
(47, 49) for soy bean and Proteus vulgaris ureases and for the dehydrogena- 
tion of certain aldehydes and purines by the aldehyde-purine dehydro- 
genase of milk (51) as well as for enzyme action in the liquid and solid 
state (58). It seems possible that some of the earlier workers who reported 
a change in m with temperature may have been dealing with a similar situa- 
tion, where one value characterizes the system below and another charac- 
terizes the system above a critical temperature. No adequate explanation 
of such a sharp transition from one activation energy to another at a 
critical temperature has been offered, but it might be suggested that this 
transition corresponds to a shift in the enzyme molecule from one con- 
figuration to another. 

4 . Relationship of the Activatidn Energy to the Nature of the SubstrcUe 

In inorganic catalysis the energy of activation is frequently characteris- 
tic of the catalyst when similar substrates are used. For example, the 
hydrolysis of aliphatic esters catalyzed by OH~ and the hydrolysis of ali- 
phatic acid amides by are characterized respectively by ^ values of 
11,000 and 20,000 cal. (54) (c/. also 3, 4). The activation energy of many 
reactions catalyzed by iron is about 16,200 cal. (55). For unrelated sub- 
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strates this generalization may not apply, e. g.j for sucrose hydrolysis 
catalyzed by m = 25,700 not 20,000 cal. 

This problem of the relationship of activation energy to the nature of the 
substrate was investigated by Sizer (43) with yeast invertase where the 
evidence indicated that this enzyme probably hydrolyzed raffinose as 
well as sucrose. In agreement with the foregoing the same activation 
energy was obtained for both substrates {cf. Table II). Similar results 



Fig. 6. — ^An Arrhenius equation plot of oxygen consumption by the succi- 
nate-succinic dehydrogenase-cytochrome-cytochrome oxidase system of beef 
heart. The addition of a low concentration of cyanide does not affect the 
M value, while higher concentrations cause the value to shift from 11,200 to 
16,000 cal. 

(From Hadidian and Hoagland (52).) 

were reported by Gould and Sizer (56) for the dehydrogenase system of 
Escherichia colij in which study the same activation energy of 19,400 cal. 
was obtained for the dehydrogenation of acetate, glycine, glutamate, 
lactate, succinate, glucose, mannitol, galactose, xylose and sucrose (cf. Fig. 4). 
Results for the aldehyde-purine dehydrogenase system of milk (51) indicated 
the same activation energy of 16,000 cal. for the dehydrogenation of 
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acrolein, xanthine, benzaldehyde, piperonal and acetaldehyde*. The acti- 
vation energy for the dehydrogenation of some compounds by the bacterial 
or milk enzymes, however, was neither 19,400 or 16,000 cal. Hadidiaii and 
Hoagland (52, 53), working with a reconstructed enzyme oxidation system 
of heart, found different activation energies for the dehydrogenation of 
succinate and p-phenylene diamine, although from analogy with inorganic 
catalysts identical ju values would not be expected for such widely different 
substrates. Butler (59) found nearly the same values for the hydrolysis 
of two different substrates by chymotrypsin, but diverse values for the 
hydrolysis of three substrates by trypsin (Table III). Schwartz (60), 
working with the hydrolysis of the series of triglycerides from tributyrin 
to tricaprylin by pancreatic lipase, found the same fx value of 8700 cal. 
for all in the presence of excess substrate, although in low substrate con- 
centration the M value increased with dilution. Such spurious effects at 
sub-maximal substrate concentrations were predicted by Haldane (37), 
who pointed out that abnormally high activation energies could be ac- 
counted for by the influence of temperature upon the accelerated rate of 
formation of enzyme-substrate complex, in addition to the usual activation 
energy for the breakdown of the complex. The same activation energies 
have also been reported for the enzymic hydrogc'iiation of oxalacetate 
and pyruvate (79) and for the action of tyrosinase on cresol and catechol 
(57). 

Although much more information on the subject is needed before defi- 
nite conclusions can be drawn, it appears that in many instances the 
same activation energy characterizes the action of an enzyme on different 
substrates. Conversely, when the activation energy for the breakdown 
of two related substrates by an enzyme extract is the same, this identity 
can be taken as presumptive evidence that the same enzyme is acting as 
catalyst in both reactions. 


5. The Relationship of the Activation Energy of an Enzyme to the Biological 
System from Which It Was Derived 

The process of extraction of an enzyme from cells might so alter the 
structure of the enzyme that the activation energy would be modified. 
Such is not the case for yeast invertase, the properties of which are the same 
for tlie intracellular and for the extracted and partially purified enzyme 
(61). The same activation energy of 11,000 cal. characterizes this enzyme 
from 0® to 17° whether the enzyme is partially purified or present in dead 
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cells or in living cells (80, 81).* Similarly, Sizer (47, 48) obtained the 
same activation energies for crystalline urease, partially purified urease, 
and for the enzyme still present in the jack bean or soy bean. It thus 



Fig. 7. — From an Arrhenius plot of the data on the 
hydrolysis of sodium /3 glycerophosphate by bone phospha- 
tase the activation energy is Calculated to be 9,940 =*= 140 
cal. from 12-42®. Inactivation occurs above 42®. The 
activation energy is identical for human and cat bone 
phosphatase. (From Bodansky (42).) 


appears that the activation energy is not changed by the extraction of an 
enzyme from cells or tissues. 

Studies on the properties of enzymes indicate that the tissue of derivation 
does not influence the characteristics of an enzyme. For example, Senter 

* Above 17® for intracellular invertase the activation energy decreases abruptly to 
8300 cal. 
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(62) and Nordfeldt (63) reported the same activation energy of 6200 cal. 
for both blood and fat catalase of beef. 

Comparable enzymes from different species are very similar in their 
chemical and physical properties, but are species-specific proteins which 
are not identical immunologically according to Northrop (17). Scrutiny 
of Table IV and Fig. 7 (42) indicates that for the enzymes studied, v/ith 
the exception of invertase, there is a striking agreement between the activa- 
tion energy of a particular enzyme obtained from different species of 
animals and plants. The discrepancy in the case of invertase might be 
explained by the suggestion that some enzyme in malt other than invertase 
(c. gr., maltase) is responsible for inversion, and thus a different activation 
energy is obtained. The implications for physiological phenomena of the 
identity of activation energies of an enzyme from different species are 
indicated in a subsequent section. 


6. The Effect of Temperature on the Dissociation of the Enzyme-Substrate 

Complex 

The affinity of enzyme for substrate is measured by the reciprocal of the 
Michaelis-Menten constant, Km^ which is considered to be the dissociation 
constant of the enzyme-substrate complex. The heat of formation of 
the enzyme-substrate complex may be determined by an analysis of the 
change in Km with temperature, from which may be calculated Aff in 
the van't Hoff equation. Relatively little work has been done on this 
interesting problem. Kiese (64) studied the carbonic anhydrase system 
at four different temperatures and found that Km increases with tempera- 
ture in accordance with the vanT Hoff equation where AH = —20,000 
cal./mole, and the entropy change is —59.8 cal./degree/mole. The 
corresponding energy of activation for the carbonic anhydrase system is 
8900 cal. For cucumber citric acid dehydrogenase the change in Km with 
temperature corresponds to AH = —13,400 cal./mole (65), for yeast 
invertase the heat of formation of the enzyme-substrate complex is —2000 
cal./mole (66) or 0 cal./mole (67), for the action of emulsin on methyl 
glucoside AH = —7500 cal., on ethyl glucoside AH = —4500 cal. (16) 
Haas (82) has reported that the heat of formation of the cytochrome 
reductacse-dihydrotriphosphopyridine nucleotide complex is 2000 cal. 
The importance of this subject for the interpretation of enzyme reactions 
certainly justifies further study of the affinity of enzyme for substrate as 
a function of temperature. 
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7. Entropy Chapges Accompanying Temperature Activation of Enzymes 

Very little information is available coiKierning the (Mitropy of activation, 
AiS, in enzyme-catalyzed reactions, althougli AS may be readily calculated 
from equation (8) which at 0° reduces to 

= f).? X W^e-E/RTe^S/R (10) 

Steam (16) calculated AS from data in the older literature on enzyme 
kinetics and obtained values ranging from —22 to —78 with an average* 
of —59 cal. /degree/mole. Comparable reactions with inorganic catalysts 
have a much snj^ler value of AS. It is suggested that the high loss in 
entropy of enzyme reactions is due to the loss in ^^randomness^^ when the 
enzyme unites with the substrate to form an intermediary complex. Ap- 
parently the acceleration in rate associated with the lower activation 
energy of the enzyme reaction is partially counteraeted by a decrease in 
entropy (68). A careful study of the problem using trypsin and chymo- 
trypsin has been made recently by Butler (59) {cf. Table III). Unlike the 
data of Steam these entropies of activation, with one exception, are in the 
range ( — 5 to —10) taken as rt^presentative of normal reactions (8). The 
rates of these proteolytic reactions are about what would be expected from 
the simple collision theory 


k = Ze-E/RT ( 0 ) 

where Z, the number of collisions per cc. between the reacting molecules, 
is given by 


#• 

where n\n 2 are the numbers of reacting molecules per cc., giG 2 their diame- 
ters, and*MiM 2 their molecular weights. For trypsin the calculated rate 
(relatively independent of the size of the substrate molecule) corr(\sponds 
to AS = —6 to —8 cal. Butler points out that, since all of the enzyme 
surface is probably not active, every collision having sufficient energy 
will not lead to reaction. He suggests that it is the formation of the 
enzyme-substrate complex which leads to an enhanced rate, and com- 
pensates for the steric factor tending to lower the rate by decreasing the 
number of collisions which result in activation. 


Calculated from his data. 
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V. Interpretation of Temperature Effects on Physiological Phenomena 
in Terms of Activation Energies of Enzyme Systems 

At an early date Arrhenius (70) realized that different '^life-processes^^ 
increased with temperature in accordance with his equation and pointed 
out the similarity of the values of n for biological processes to those for 
homogeneous reactions. More recently Crozier (55) and many others 
(cf. 54, 71) have shown that a large number of physiological processes 
follow this equation over the range of temperature from about 0® to 40®, 
or until a critical temperature is reached. In the latter case the system 
is characterized by one /x value below and another above this critical tem- 
perature. The ju value frequently is shifted to a new figure when the 
physiological environment is changed. The m values are not scattered at 
random but grouped around certain modes, the most important of these 
being m = 16,000, 11,000 and 8000 cal. It is suggested that in the catenary 
series of catalyzed reactions involved in a physiological process the slowest 
is the master or pacemaker and determines the m value of the over-all 
phenomena. A shift in jjl value is interpreted as indicating that a new 
step in the series has become the pacemaker. Since in different species 
the same ju values have often been found, Crozier (55) has suggested that 
reactions catalyzed by certain inorganic catalysts such as the hydroxyl 
ion (jLt = 11,000), the hydrogen ion (m = 20,000) and iron (/x = 16,000), 
as well as reactions catalyzed by enzymes (e. ^., succinic dehydrogenase, 
M = 16,700), may be the pacemakers for many diverse physiological 
processes in different organisms. The applicability "'of the Arrhenius 
equation to physiological phenomena has been questioned by many (72, 
73, 74, 76), but see also discussions in (40, 54, 68). 

The first demonstration that the /x value of a physiological process 
occurring inside a cell could be explained in terms of enzyme kinetics was 
made by Sizer (80, 81) with yeast invertase, where it was shown that su- 
crose hydrolysis inside the cell and in a solution of partially purified in- 
vertase w^as characterized by the same energy of activation. This was 
followed by work with urease where the activation energy for the hy- 
drolysis of urea was the same inside the jack bean or soy bean as in a solu- 
tion of crystalline or partially purified urease (47, 48). If enzyme-catalyzed 
reactions are the pacemaker links in physiological processes, then the 
activation energies of these enzyme reactions should be alike for the same 
enzyme from different species, in view of the identity of many n values for 
physiological processes in different organisms. Such appears to be the 
case, since the same activation energy for an enyzme from different species 
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has been demonstrated with a variety of enzymes (c/. Table IV). The 
fact that the same energy of activation characterizes the hydrolysis or- 
oxidation of different substrates by a given enzyme (this does not apply 
universally, cf. previous section) is consistent with the fact that the same 
fx value characterizes different biological phenomena which must involve 
many different substrates for enzymes. 

Attempts of a preliminary nature have been made to apply the informa- 
tion on enzymes to the interpretation of the effects of temperature on 
biological systems. It is proposed that the frequently recurring n value 
of physiological systems of 16,700 cal. can be ascribed to the action of 
succinic dehydrogenase of bacteria (55), the value of 19,400 cal. to the 
action of the dd^drogenase of Escherichia coli (56), and the values of 
16,000 and 11,000 cal. to the action of the heart dehydrogenase-cyto- 
chrome“C 3 rtochrome oxidase system (52). The m value of 11,700 cal. 
characterizes not only the oxidation of Lupinus oil by the fat oxidase of 
Lupinus albuSy but the respiration of this plant as well (83). The interpre- 
tation of respiratory processes and other physiological phenomena de- 
pendent on respiration will be greatly facilitated when each enzymic 
component of the respiratory chain is isolated and its activation energy 
determined. Partial and fairly complete reconstruction of this chain and 
study of temperature effects in vitro should eventually lead to an interpre- 
tation of the n values for respiration. It does not seem unlikely that 
eventually the effects of temperature on all rates of physiological 
phenomena will be interpreted in terms of the activation energies of the 
enzymic links in the catenary series of events involved in biological proc- 
esses. 
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It is still the considered verdict of most workers in the subject, as it has 
been since the beginning of the century, that proteins are polypeptide 
chain systems, alone or in combination with accessory molecules or group- 
ings. This view provides the best and most comprehensive interpretation 
yet devised. Put more precisely in the light of recent developments, pro- 
teins are built in general from folded polypeptide chains cross-linked through 
combinations and interactions between their side chains. The problem of 
protein structure, therefore, resolves itself in the first place into discovering 
the nature and numbers of the amino acid residues present, and then, above 
all, into determining the configuration of the chain or chains, and what it is 
that induces or maintains that configuration. The title of this article 
suggests that it ia concerned with the numerical proportions of the amino 
acid residues in proteins, and so it is, among other things; but it is not 
sound structure analysis, nor indeed is it possible, to consider the distribu- 
tion and properties of these residues apart from the patterns they form, and 
so in the end we inevitably find ourselves exploring the whole architecture 
of proteins. 
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In some ways we know *111016 now about the general plan underlying the 
architecture of proteins than about their exact chemical constitution. 
That they are most beautifully planned, and frequently perhaps down to 
the last atom, is undeniable when we contemplate the elaborate diffraction 
patterns of feather or porcupine quill for instance, or recall the facts of 
immunology and admire anew the ultracentrifugal studies of Svedberg and 
his collaborators, or even when we sift the seemingly discordant chemical 
data, if we put aside unworthy doubts and do not look for the impossible. 
The major trouble, though, does for the time being rest with the chemical 
data, partly on account of inadequate or laborious technique, but also on 
account of analytical variations well outside the limits of experimental er- 
ror. The proBlfen has two main aspects, not entirely distinct, but con- 
venient for purposes of discussion: the first concerns the constitution of 
individual proteins, the second that of groups of proteins of similar molecu- 
lar plan. It is chiefly with regard to the second that X-ray analysis offers 
evidence of an intramolecular kind, but before leading up to it, it will be 
best to examine some purely chemical data, mostly, however, on proteins 
for which there is as yet little intramolecular enlightenment from X-ray 
sources. 

I. Chemical Evidence on the Proportions of the Amino Acid Residues 

The residue weights of the amino acids used in protein structure range 
from that of glycine (57) to that of tryptophan (186), and their arithmetic 
mean is about 120. On a rough average then, 100 gm. of protein should 
contain something of the order of 100/120 = 0.83 gram-residues of amino 
acids, and if the yield of any particular acid is large, it may be possible at 
once to hazard a sound guess as to what fraction of the total residues arises 
from that acid. More exactly, 

m/H *= G and G/g « /, 

where R is the average residue weight (reckoned in accordance with the 
relative proportions of the different kinds of residues), G = total gram- 
residues in 100 gm. of protein, g = gram-residues of any amino acid in 100 
gm. of protein (z. e., the percentage yield of the acid divided by its molecular 
weight), and / is the “frequency^^* of the residues in question; by which is 
meant simply the reciprocals of the fraction of the total residues, and not 
necessarily that the residues of any one kind are equally spaced along the 
pol 3 rpeptide chain or chains. 

* The expression is due to Bergmann and Niemann (1), though with the implication 
that the residues of any one kind are equally spaced. 
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For example, the leucines yield from hemoglobin has been reported (2, 3) 
as 27.8 gm. and 29.5 gm., corresponding to 0.21-0.22 gram-residues; 
and from insulin the leucines yield (4) of 30.0 gm. corresponds to about 
0.23 gram-residues; so that in both these cases the suggestion is that one- 
quarter of the residues are leucine or isoleucine residues. Similarly, from 
gliadin, 43.0 gm. of glutamic acid (5) corresponds to rather more than 0.29 
gram-residues (all in the form of glutaviine residues, to judge by the amide 
nitrogen), with the suggestion that one-third of the residues are glutamine 
residues: and again, from silk fibroin, the reported yields (6, 7) of 40.5 gm. 
and 43.8 gm. of glycine, corresponding to 0.54 and 0.58 gram-residues, re- 
spectively, indicate that as many as half the total residues in fibroin are 
glycine residues (since a high glycine content must give a low average resi- 
due weight). 

With single low yields, of course, we can feel no such confidence; never- 
theless it has been observed for some time that certain yields, expressed 
as gram-residues, at least bear a simple numerical relation to one another, 
and that again, as with the examples just quoted, powers of 2 and 3, or 
products of such powers, seem to be common. Block (8) pointed out, for 
instance, that the hemoglobins from the horse, the sheep and the dog all 
contain iron, histidine, arginine and lysine in the ratio 1:8:3: 9, and that 
in the keratins the ratio of histidine, arginine and lysine is about 1:15:5 
(since modified (9) to 1:12:4); while Atkin (10) pointed out that Dakin^s 
results indicate that glycine and hydroxyproline residues are present in 
gelatin in the ratio of 3 : 1 — and so on. Other examples could be cited, but 
these will serve to illustrate a growing impression during the past ten years 
or so. 

In 1933 the writer, with H. J. Woods, made the first attempt to link up 
the ratios of gram-residues with X-ray and physicochemical data on wool 
keratin (11), and to construct a tentative plan of the distribution of resi- 
dues along the polypeptide chains. This was followed by the application 
of similar ideas to the problem of gelatin (12), and on the basis of chemical 
analyses then available (the proline yield, for instance, was too low) it was 
concluded that ^Hhe residues of the two chief acids, glycine and oxyproline 
(hydroxyproline), account, respectively, for about one-third and one-ninth 
of the total number of residues; that is to say, every third residue could be 
a glycine residue and every ninth an oxyproline residue'^ (13). The way 
this conclusion was reached was as follows (13): Since the total nitrogen 
content of gelatin is 18% and the reported yields of amino acids correspond 
to a nitrogen content of 15.64%, the difference, 2.36%, must correspond to 
the acids still unaccounted for, and these are very probably monoamino- 
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monocarboxylic acids. Hence this 2.36% of nitrogen represents 2.36/14 = 
O.I69 gram-residues of undetermined acids. The total reported yields 
gave a total of O.STs gram-residues in 100 gm. of gelatin, and therefore the 
true total must be 0.876 + O.I69 = 1.04, which within the limits of experi- 
mental error is three times the number of gram-residues of glycine (0.34) 
and nine times the number of gram-residues of hydroxyproline (0.11). 

Since that time Bergmann and I^iemann (1) have proposed two funda- 
mental principles that are generalizations of these early suggestions. They 
postulate that all proteins are, built according to the following rules: (1) 
the numbers of the different kinds of residues and also the total number of 

Table I 
Edestin 


R - 115.7, G = 0.864 


Amino acid 

Yield, 

% 

1 Gram-residues 

Frequency 

Obs. 

Calc. 

Histidine 

2.41 

0,0156 

0.0160 

54 (2'33) 

Arginine 

16.71 

0.0961 

0.0961 

9(32) 

Lysine 

2.37 

0.0162 

0.0160 

54 (2'3») 

Tyrosine (15) 

4.34 

0.0240 

0.0240 

36 ( 2 * 32 ) 

Tryptophan (15) 

1.50 

0.00735 

0.0080 

108 (2*3®) 

Methionine (15) 

2.35 

0.0158 

0.0160 

54 (2 '3’) 

Cystine/2 

1.44 

0.0120 

0.0120 

72 (2’3*) 

Glutamic acid ) 

90 7 

0 IdOR 

( 0.0720 

12(2»3') 

Glutgmine ) 

ZVr . 4 


r ( 0.0720 

12(2»3‘) 

Amide NHs 

2.15 

0.1265 



Asparagine ) 

12.0 

0 0902 

^ ( 0.0540 

16 (2*) 

Aspartic acid [ 



( 0.0360 

24 (2’3*) 




L.C.M. = 

= 432(2*3’) 


residues in the molecule are always of the form 2''3”*, where n and m are 
positive integers, or zero; and {£) the residues of any one kind al- 
ways occur at a regular periodic interval along the polypeptide chain or 
chains. We shall proceed to consider some of the chemical evidence for 
the first of these hypotheses, while postponing judgment on the second 
till the X-ray evidence has been reviewed. 

Quite the most striking evidence for the validity of the 2''3^ rule under 
certain conditions has recently been obtained by Chibnall (14), working 
with edestin. Chibnall has concentrated on accurate determinations of 
histidine, arginine, lysine, glutamic acid and aspartic acid, and he esti- 
mates the average residue weight from a consideration of the total nitrogen. 
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the amide nitrogen, and the nitrogen present as histidine, arginine, lysine, 
hydroxylysine and tryptophan, after the manner of the tentative assess- 
ment of gelatin described above (13). In this way he finds for edestin an 
average residue weight (R) of 115.7, corresponding to 0.864 gram-residues 
per 100 gm. of protein (G). Table I is a modified expression of Chibnall’s 
results. 

The agreement shown in Table I is so excellent, and what is perhaps 
even more impressive, there is a unique allocation of the amide nitrogen 
between glutamine and asparagine, that there can be no possible doubt 
now that for edestin at least, for the amino acids quoted, the rule 


Table II 
Ego Albumin 
R = 111.5, G = 0.897 


I — Percentage yield. II — Observed gram-residues in 100 gm. of protein. Ill — Fre- 
quencies referred to 0.897. IV — Minimum molecular weight calculated from I and II. 
V — Assumed number of residues. VI — Oalculated molecular wc'ight of protein. 


Amino acid 

I 

II 

111 

IV 

V 

- 

VI 

Arginine 

5.63 

0.03234 

27.7 

3,092 

i 14 

43,280 

Hi.stidine 

1.45 

0.00935 

96.0 

10,070 

* 4 

42,800 

Lysine 

5.06 

0.03463 

25.9 

2,886 

! 15 

43,310 

Tyro.sinc 

4. 10 

0 02264 

39.6 

4,417 

10 

44,170 

Tryptophan 

1 32 j 

0 00647 

139 

15,460 

3 

46,400 

(/y'^^tiric (17) 

1.79 

0.00745 

120 

13,420 

3 

40,270 

Methionine (17) 

5 10 

0 0348 

26 2 

2,925 

15 

43,900 

Glutamic acid 

16. 1 

0.1109 

8.1 

902 

48 

43,300 

Aspartic acid 

8.1 

0.0612 

14.6 

1,638 

27 

44,100 

Amide Nils 

1.23 

0.0722 

12.4 

1,395 

31 

43,250 


holds strictly. The position with regard to the other amino acids must 
remain open pending further exact analyses, but in the meantime it is clear 
that there are no fewer than 432 (2^3^) residues in the molecule, and there- 
fore the molecular weight must be 432 X 115.7 = 50,000 approximately, 
or a multiple thereof. The multiplying factor is presumably 6, since the 
molecular weight of edestin given by the ultracentrifuge (16) is 310,000. 

Chibnairs results for egg albumin (14), on the other hand, by no means 
give such unequivocal support for the 2”3’” rule. His average residue 
weight for egg albumin comes to 111.5, making a total of 0.897 gram-resi- 
dues in 100 gm. of protein, and his final results are set out in Table II. 

The range of variation among the calculated molecular weights given in 
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column VI reflects the accuracy of the experimental observations, but most 
of the determinations are sufficiently near to one another and to the most 
probable value (about 43,000) given by the ultracentrifuge and osmotic 
pressure measurements (18) to make it clear that there are undoubted 
deviations from the rule, quite apart from whether the estimated 
values of R and G are correct. The discrepancies are still no proof, how- 
ever, that the structure of egg. albumin does not rest fundamentally on a 
2**3^ basis, since it has been shown by electrophoresis that many-times 
recrystallized egg albumin contains two components (19): both could con- 
form to the ^^3^ rule yet contradict it when analyzed together. We shall 
meet a similar situation below when we come to consider the case of lacto- 
globulin; but Ia1!t0globulin is a homogeneous protein, for which there is 
independent evidence of a number of m/romolecular components. 

The literature of protein analysis, when it is examined constructively and 
with the eye of stoichiometric faith, is seen to contain many exact agree- 
ments, approximate agreements, and seemingly flat contradictions like 
those just quoted. There would be no point in detailing everything that 
has been reported, but we wish to present sufficient preliminary chemical 
evidence for the view that a 2”3"‘ rule must undoubtedly lie at the root of 
protein structure, though the bald statement that such a rule necessarily 
governs the analyses of whole molecules or structures is an oversimplifica- 
tion, and, indeed, is not to be expected. 

Secretin. — The analytical data of Agren (20) on the hormone, secretin, 
have been re-examined by Niemann (21), who has brought forward 
reasons for concluding that it is a cyclic polypeptide built from 36 residues. 
The formula may be written : 

where L = lysyl, Ar = arginyl, P = propyl, H = histidyl, Gl = glu- 
taminyl, As = asparaginyl, Af = methionyl, and X = unknown residues. 

Hemoglobin. — The analytical data on hemoglobin are still both in- 
complete and discordant in parts, but for all that it seems clear what 
stoichiometric scheme is being aimed at, as will appear from Table III, 
which has been drawn up from a consideration of the more concordant 
yields, mostly from horse hemoglobin. The total number of gram- 
residues (0.874) of protein (globin) in 100 gm. of hemoglobin has been ar- 
rived at by inspection and a process of successive averaging. 

The yields shown in Table III come from 100 gm. of hemoglobin, the 
molecule of which contains four haems with their four iron atoms; and 
100/0.874 gives us now what may be called a compensated average residue 
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weight/^ from which may be calculated the molecular weight of the com- 
plete molecule, without assuming anything about the prosthetic group. 
Thus: 

Let Ml be the molecular weight of the protein part and Mt that of the 
prosthetic part. Then 100 gm. of protein would give (Mi + M 2 )G/Mi 
gram-residues, of which the average residue weight is 100Afi/(ikri + M 2 )G. 

Table III 
Hemoglobin 


R » 110.1 (for globin), G « 0.874 gram-residues of globin from 100 gm. of liemoglobin 


Amitio acid 

Yield, 

Gram-residues ' 

Proposed 

% 

Obs. 

Calc. 

frequency 

Leucines* 

27.8 (22) 

0.2122+ 

0.2185 

4(2«) 


29.5 (23) 

0.2251 



Tyrosine 

3.15 (24) 

0.0174 

0.0182 

48 (2<3') 

Tryptophan 

1.3 (24) 

0.0064 

0.0061 

144 (2^3*) 

Proline 

(2.3) (22) 

(0.0200) 




2.1 (25) 

0.0183 

0.0182 

48 (2‘3‘) 

Histidine* 

7.5 (26) 

0.0484 

0.0486 

18(2'3*) 

Arginine* 

(3.6) (27) 1 

(0.0207) 




3.2(26) 

0.0184 

0.0182 

48 (2*3*) 

Lysine* 

8.1(26) 

0.0555 

0.0546 

16 (2*) 

Glutamic acid* ) 

1 

6.3(28) 

0.0429 


i 0.0243 

36 (2»3*) 

Glutamine* ) 

1 

1 0.0182 

48 (2*3*) 

Amide N 

0.75- 

0.054- 

1 

[ 



1.07(29) i 

0.076 

1 

[ 


Asparagine* ) 

i 

8.9(28) 

0.0669 

i 

[ 0.0486 

18(2*3’*) 

Aspartic acid* ( 

1 

[ 0.0182 

48(2*3*) 

1 



L.C.M. 

, = 144 (2*3‘) 


* Leucine and isoleucine have been grouped together for want of data, though leucine 
seems to be the constituent generally in excess; but strictly speaking the two should be 
assessed separately. These numbers in this and similar tables are of course not 
significant to four figures, which have been retained for convenience in averaging. 
* From horse hemoglobin. 

Hence if there are N residues in the molecule, the molecular weight of the 
protein part is 100iVAfi/(Mi + Af 2 )Cr, which is also equal to ilfi. Therefore 
(Ml + Mi) = lOON/G, as before. 

The least possible value of N is 144, but there is so much other evidence 
that the true value is 4 X 144 = 576, that we may conclude that the molecu- 
lar weight of hemoglobin is 57,600/0.874 = 65,900, in quite good agree- 
ment with the estimate, 66,700 d= 3%, given by the iron content and X- 



70 


W. T. ASTBURY 


ray analysis (30). The weight of the globin component in hemoglobin is 
(65,900 — 2472) = 63,400, approximately, and its average residue weight 
is 63,400/676 = 110.1. 

Yellow Enzyme (31). — The yellow enzyme also presents a plausible 
case of the 2" 3"^ rule, as will be seen from Table IV. 

An interesting point is that both aspartic and glutamic acids, if the above 
suggested allocation of the amide nitrogen is correct, are represented only 
by their amides. There is some inconsistency with regard to the molecu- 
lar weight, the values 78,000 and 82,000 being reported as given by the 

Table IV 
Yellow Enzyme 


- 118, (7 * 0.847 


Amino acid 

Yi«4d. 

Gram-residues j 

Proposed 

% 

Obs. 

Calc. 

frequency 

Alanine 

8.2 (32) 

0.0921 

0.0941 

9(3*) 

Serine 

1.7 (32) 

0.0162 

0.0176 

?48 (2*3') 

Phenylalanine 

5.75 (33) 

0.0349 

0.0353 

24 (2*3‘) 

Tyrosine 

7.75 (33) 

0.0428 

0.0471 

18 (2'3*) 

Tryptophan 

4.9 (33) 

0.0240 

0.0235 

36 ( 2232 ) 

Cystine/2 

0.34 (33) 

0.0028 

0.0029 

?288 (2‘3*) 

Aspartic acid 

2.0 (33) 

0.0150 

0.0235 

?36 (2*3*) 


3 0 (32) 

0.0226 



Glutamic acid 

7.1 (33) 

0.0483 

0.0529 

?16(2‘) 

Histidine 

2.75 (33) 

0.0177 

0.0176 

48 (2*3 >) 

Arginine 

8.25 (33) 

0.0474 

0.0471 

18 (2'3*) 

Lysine 

13.7(33) 

0.0938 

0.0941 

9(3*) 

Amide N 

1.07(33) 

0.0764 = 

0.0235 -f 

736 (2^3*) 




0.0529 

716(2*) 


ultracentrifuge (16, 34, 35); but from Table IV the minimum number of 
residues is 144 (2^3^), or possibly 288 (2®3^), corresponding to a minimum 
molecular weight of 34,000 which is supported by estimates of the flavin 
content (lactoflavin-5-phosphate). Kuhn and Desnuelle (33) found 8.25 X 
10“® gram-molecules of prosthetic group in 5.8 gm. of the enzyme and there- 
fore a molecular weight for the latter of about 70,000, while Theorell (36) 
also found 70,000-75,000 from a photoelectric determination. 

Caseinogen. — It is possible to make out a reasonable case for a value 
of G equal to about 0.805 and a minimum molecular weight of about 
53,700, corresponding to 432 (2^3®) residues (c/. edestin). The yields of 
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histidine (37, 38), arginine (37, 38, 27) and threonine (39), for instance, 
leave little doubt that their respective frequencies are 72, 36 and 27. 

Salmine. — This protamine consists mostly of arginine residues, to- 
gether with much smaller amounts of valine, serine and proline (40). 
The average residue weight computed directly from the yields of these four 
acids comes out to be about 138, corresponding to G = 0.726. The re- 
ported arginine yield is 87.4%, or 0.502 gram-residues, from which it fol- 
lows that the arginine residues almost certainly account for an exact two- 
thirds of the whole. Two possible formulas for the molecule are: 

or 

AruPrSdiVt 

where Ar = arginyl, Pr == prolyl, Se = seryl, V = valyl, and X = an 
unknown residue. 

It must be emphasized that there is no intention in these introductory 
illustrations of the trend of protein stoichiometry to insist on the detailed 
validity of every interpretation here put forward. ChibnalFs results with 
edestin are irresistible, the scheme suggested for hemoglobin is probably 
sound in the main, and that outlined for the yellow enzyme is plausible, for 
instance; but there is no lack of examples which carry little conviction yet, 
either one way or the other. No doubt much of the trouble with these is 
due to imperfect or incomplete analyses, or to the use of preparations that 
are not protein individuals; but beyond all these things there is still to be 
found a residuum of apparently erratic stoichiometry, and there is still the 
problem of the fibrous proteins, where so few structural types are adapted 
to so wide a range of chemical constitution. We shall continue now, in 
fact, our consideration of the 2^3"” rule in the field of the fibers, because, as 
already mentioned, they alone so far provide X-ray data at all interpretable 
in the light of a dawning stoichiometry. Afterward we shall return to the 
nonfibrous proteins. 

To summarize, then, the lesson to be learned from data of the kind pre- 
sented above, we may say that there is now enough chemical evidence to 
warrant the belief that the structural plan used in building the constituent 
parts of protein molecules, and sometimes, or maybe often, in building 
whole protein molecules, involves proportions of amino acid residues in the 
ratios of values of 2”3”', where n and m are positive integers, or zero. 

II. The X-Ray Classification of the Fibrous Proteins (41) 

The fibrous proteins give rise to only a few different kinds of X-ray dif- 
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fraction pattern. All sorts of fibers have been examined, but fundamentally 
they seem to fall into no more than two main structural groups, the keratin- 
myosin group and the collagen group. The principal subsection of the 
keratin-myosin group includes the fibrous proteins of the epidermis of 
mammals (42), amphibians and certain fishes (43), and the fibrous struc- 
tures, such as hair, horn, nails, etc., that arise from the mammalian epidermis. 
These are all so-called keratinous products, and the prototype X-ray photo- 
graph is that of normal, unstretched mammalian hair. On stretching, 
keratin fibers give rise to another type of diffraction pattern, but this re- 
verts to the normal when the fibers are allow^cd to contract again. The 
phenomenon is one of reversible, long-range elasticity inherent in the 
molecules thoifftielves. In the unstretched state keratin consists of regu- 
larly folded polypeptide chains running in the direction of the fiber axis, 
but stretching the fiber pulls these chains out almost straight, though they 
return to their folded ce>nfiguration when released in the presence of water 
or other polar molecules. We have called the normal unstretched form 
a-keratin, and the extended form ^-keratin (44). 

Myosin, the chief protein component of muscle tissue and the seat of its 
elastic properties, gives also an X-ray photograph of the a-keratin type. 
It gives, too, a /8-photograph when .‘stretched — in fact, put briefly, we may 
say that all the principal X-ray photographs and elastic properties of kera- 
tin find their counterparts in myosin, and there is no doubt at all now that 
the two proteins belong to the same configurational group (45). 

The /^-subgroup of the keratin-myosin group includes also fibroin (46) 
and fibrin (47), and structures such as feathers (48), tortoise shell, scales and 
the like, that spring from the epidermis of birds and reptiles (49). The 
X-ray photograph of silk fibroin is readily distinguishable from that of 
/3-keratin but that of fibrin rather resembles it, while the typical feather 
keratin pattern is superficially different from either: all three, however, 
are to be explained on the basis of polypeptide chains that are stereochemi- 
cally fully extended, or approximately so. The feather keratin structure 
is the most contracted of the three, the chains being some 7% shorter than 
the observed maximum, which is shown by fibroin. 

Artificial fibrous proteins (50, 51), made, for example, by spinning the 
viscous solutions obtained by the denaturing action of strong urea on the 
seed globulins, give when stretched X-ray photographs that are again of the 
/3-type. Here the polypeptide chains are first unfolded from their native 
configuration and then drawn parallel. 

The collagen fibers constitute the other great group of natural fibrous 
proteins — and by collagen fibers is meant all such things as the white con- 
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nective tissue fibers, tendons, cartilage, the scales and fins of fishes, the 
ichthyocol of swim bladders, jellyfish, the derived protein gelatin, and many 
other structures (52), all of which give a diffraction pattern of a type quite 
different from that of any member of the keratin-myosin group. The poly- 
peptide chains are held inextensibly in a configuration that is about 20% 
short of the maximum length, a stereochemical peculiarity that we shall 
return to below, after discussing the nature of the a-fold in the keratin- 
myosin group. 

Both the keratin-myosin group and the collagen group, though each is 
characterized by a constant molecular plan, show wide variations of chemi- 
cal constitution, and this fact is the crux of their stoichiometry and the 
subject of much of the rest of this article. As we pass down the keratin- 
myosin group from keratin through the epidermal proteins to myosin there 
is a continuous gradation in chemical constitution that is beyond question — 
yet the molecular configuration and elastic properties remain substantially 
the same : and similarly for the members of the collagen group. 

We are now in a position to discuss the chief types of protein fibers in 
turn in relation to both the X-ray and chemical findings. When this has 
been done, it will be convenient to conclude with some tentative sugges- 
tions — for that is all that is possible at the moment — in the field of the non- 
fibrous proteins. 


Ill, Silk Fibroin 

The reported amino acid yields from silk fibroin appear to be nearly 
complete: they add up to a maximum of about 1.16 gram-residues per 100 
gm.‘ of protein, which is approximately twice, four times, eight times and 
sixteen times the number of glycine, alanine, serine and tyrosine residues, 
respectively. The best value of G seems to be about 1.17 gram-residues, 
corresponding to an average residue weight of 85.5. The relevant analyti- 
cal data are set out in Table V, from which it will be seen that there is 
quite strong evidence for the proportions of glycine, alanine, serine and 
tyrosine just mentioned. There remains only one-sixteenth to be appor- 
tioned among the other residues: the yields of these are too small, however, 
to be quite sure what their corresponding fractions are; they may, in fact, 
be partly extraneous to the main stoichiometric scheme. 

It is tempting to suppose that this scheme is based on the series : 

V2 + V4 + Vs + V16 + V32 -f + etc., 
the sum of which to infinity is unity; that is to say, that the polypeptide 
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chains are essentially of the form : 

(j~ A—GS G~A.—(j - T -tr— A— (7 -/I {/-S~G—A-G—1'~G -A — 

G-S-G- A~G-Y- etc. 

where G = glycyl, i4 = alanyl, iS = seryl, T = tyrosyl, and X, F, etc., = resi- 
dues not yet defined. 

Presiimaldy the data in Table V refer all to the commoner kind of silk, 
Bombyx rnon. Then* is a fair amount of X-ray results available for this 

Table V 
8ilk Fibroin 


- R = 85.5, G = 1.17 


Amino acid 

Yield, 

Gram-residues 

Proposed 

I'-' 

/ V 

Obs. 

Calc. 

frequency 

Glycin<‘ 

4i,8 (7) 

0.5840 

0.5850 

2 (2>) 

Alanine 

25.0 («) 

26.4 (7) 

0.2966 

0.2925 

4 (2“) 

Serine 

13 6 (53) 
15.5 (54) 

0.1475 

0.1463 

8 (2‘) 

Tryosin(‘ 

13.2 (7) 

0.0729 

0.0731 

16 (2*) 

Thr(‘onine 

1.4 (53) 

0.0118 




O.S (54) 

0.0066 



Leu(‘ines 

2 5'(6) 

0.0191 

0.0183 

?64 (2«) 

Phenylalanine 

1.5 (6) 

0.0091 



Proline 

1.0 (6) 

0.0087 • 



Hist’dine 

0.07 (55) 

0.0005 



Arginine 

0.7 (55) 

0.0040 




0.76(27) 

0.0044 




0.95 (7) 

0.0055 



Lysine 

0.25 (55) 

0.0017 



Glutamie aeid 

0(6) 

0 




fiber (46), but unfortunately they are hardly decisive on a number of 
points. The intramolecular pattern repeats along the fiber axis at a dis- 
tance of 2 X 3 V 2 A.,* and it was Meyer and Mark who first interpreted this 
as meaning that fibroin is built from fully extended chains of residue length 
equal to 3 V 2 A., a view that is now accepted. Kratky and Kuriyama have 
worked out various possible unit cells and drawn thv, general conclusion 
that on the average the chains are no less than 4.5 A. and no more than 
6.1 A. apart. Their favored unit cell has the dimensions: (56) 

a = 9.68 A., b =» 7.00 A., c = 8.80 A., ^ = 75° 50', 

* In this paper the abbreviation A. for the Angstrom Unit has been used. 
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and the density of the fiber is given as 1.33 to 1.46 gm./cc. Meyer and 
Mark, on the basis of analyses then available, assumed that glycine and 
alanine residues are present in equal proportions and that the cell contains 
four of each; and granted these things the argument is reasonable, for the 
volume of the cell is 578.3 A.*, and therefore the average residue weight 
must lie between 

578.3 X 1.33 578.3 X 1.46. 

8 X 1.65 8 X 1.65 ^ 


that is, between 58.3 and 64. For equal proportions of glycine and alanine 
the average residue weight would be 64. 

In the whole fiber, however, there are not equal proportions of glycine and 
alanine and the average residue weight is about 85.5, which leads to an aver- 
age residue volume between 

85.5 X 1.65 . , ,85.5 X 1.65 . , 

Too A. 3 and --j.. A. 3; 

1.33 1.46 


that is, between 106.1 A.^ and 96.6 A.^; and the volume of the chosen 
cell is about 5 V 2 and 6 times these numbers, respectively. Unless we 
are prepared to say that the more crystalline part of the fiber is built solely 
from glycine and alanine residues in equal proportions and to relegate the 
rest of the glycine and all the other residues to an amorphous, intercrystal- 
line phase, the conclusion seems to be that the chosen unit cell is wrong, and 
that its volume is perhaps either V 4 or times the volume of the true 
cell. 

Obviously, silk fibroin needs to be re-attacked by X-rays with more up- 
to-date technique — and quite apart from the apparent discrepancy in the 
matter of the unit cell, there is the important point that no period longer 
than 2 X 3 V 2 A. has yet been reported for the pattern along the fiber axis, 
whereas, if the residues were distributed in regular periodic fashion along 
the polypeptide chains as set out above, we might expect to detect a pattern 
repeating at perhaps up to 16 X 3 V 2 A. Again we could explain this 
absence of a long period by ])ostulating the same crystalline and inter- 
crystalline phases of special constitution, but it seems more likely that the 
residues do not follow one another always or exactly in strict periods, so 
that in the end the resultant observed period expresses no more than that 
the residues point alternately to one side and the other of the chain, thus: 

R R 

CH CO NH CH CO NH etc. 

*^0^ 'nh'^ \(/ 

R R 

< 7 A ► 


etc, 
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If this IS the correct interpretation — and to summarize, we have to state 
that the X-ray evidence to date does not support the view that the residues 
in silk fibroin follow one another always or exactly in the periods suggested 
by their relative proportions — we are left with the interesting corollary that 
in the synthesis of a protein the amino acids may be supplied in definite 
proportions without the guarantee that they will be put together with 
equivalent regularity: in other words, the over-all proportions of residues 
could be decided by the interrelations of a set of supply reactions, while 



Fig. la. — X-ray sector comparison 
photograph of «-horn and nt-myosin 
(M, myosin; H, horn). 



Fig. 1^. — X-ray sector (comparison 
photograph of d-horn and /3-myosin (M, 
myosin; H, horn). 


Cu Ka rays. 

Each of those figures corresponds to two photographs takem on one and the same 
film, diagonally opposite quadrants being part of the same photograph. Each merid- 
ian or equatorial reflection is thus divided into two halves, one half arising from kera- 
tin and the other fn^m myosin. 


their ultimate pattern and configuration, and therefore the specific proper- 
ties of the protein, might be determined by a series of independent opera- 
tions. In fibroin these latter operations would be simply irregular conden- 
sation. 


IV. The Keratin-Myosin Group (57, 58) 

It will be evident from Figures 1 (a) and 1 (5) how very much alike the 
X-ray diffraction patterns of keratin and myosin are : they are not identical 
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in fine detail, of course — it would be unjustifiable to expect that — but they 
have so much in common as to leave no doubt, especially when we remem- 

Table VI 
Wool Keratin 
R = 118, G = 0.85 

I Amino acid. IT - Reported yields from 100 ^m. of wool. Ill — Yield chosen as 
probably most nearly correct. IV — Gram-residues in 100 pm. of wool. 


I 

! II 

III s 

IV 

Glycine 

0.58 (59), 6 5 (61) 

6 5 

0.0870 

Alanine 

4.13(59) 

4.13 

0.0464 

Valine 

2.8 (.59), 4.8 (62)™ 

'4.8 

0.0410 

fjcucines 

11.5 (.59), 11 3 (62'/'™ 

11.3 

0.0863 

Phenylalanine 

4.0 (61), 3.75 (62)™ 

3.75 

0.0227 

Proline 

4.4 (.59), 6 8 (62)™ 

! • 6.8 

0.0591 

Methionine 

0.44 0.66 (63), 0.7 (62)”‘ 

0.7 

0.0047 

('vstin('/2 

7 3 (.59), 13 1 (60, 60,11.9 (66)'’^ 

! 11.9 

0.0989 

S(‘rin(‘ 

0 1 (59), 10 3 (62)"" 

10.3 

0.0981 

Threoniru' 

6.4 (62)'’'” 

6.4 

0.0.538 

Tyrosine 

2.9 (.59), 4.8 (60), 4 5 (61) 

4 . 65 

0 0257 

Aspartic acid 

2.3 (59), 5.84 (OO)," 7 3 (64)' 

6.57 

0.0494 

Glutami(‘ acid 

12.9 (.59), 15.3 (64)' 

14.1 

0.0959 

Arginine 

10 2 (60), 8.7 (61), 10.4 (6.5) 

10.3 

0.0592 

Lysine 

2.8 (60), 2.5 (61) 

2,65 

0.0182 

Histidine 

6.9 (60)“, 0.7 (61) 

0 7 

0.0045 

Tryptophan 

1.8 (60), 0.7 (61) 

1.8 

0.0088 

Total gram-resi- 
dues in 100 
gm. of wool 

Amide N 

1.2 (60), 1.37 (62),'™ 1.37 (64),' 
1.14(67),'™‘'l.l2(67)" 

1.13 

0 8597* 

0 081 


“ Without doubt excessive. ^ Martin and Synpc'^s work suppcsts a leucane : isolcucine 
ratio of about 4:1. ® Cotswold wool. Merino wool. 1.37 value corrected for 

decomposition of serine. * Mild hydrolysis. ^ Estimated as total — S — S — and — SH. 

* Not, of course, significant to four figures. These have been retained throughout so 
as to average out in the addition. 

ber the similarity between the elastic properties of the two fibers, that they 
arise from a common molecular plan. 

Tables VI and VII (adapted from Tables II and III in J. Chem. Soc. 
(58)*) collect together all the available analytical data for wool keratin 

* Unfortunately there is an error in Table III of reference (58), in that the number of 
gram-residues of glutamic acid plus amide is given as 0.1469, wfiereas it should be 
0.1504; and the total yield comes not to 0.7825, but to 0.7860. 
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and rabbit myosin. At first sight it might appear rather hopeless, par- 
ticularly in view of the element of incompleteness and uncertainty, to try 


Table VII 
Rabbit Myosin 
R = 116, G = 0.86 

I — Amino II — Most recently reported, and probably best, yields from 100 gm. 

of myosin. Ill — Gram-residues in 100 gm. of myosin. 


1 > 

11 

III 

Cystine/2 -f cysteine 

1.39(69) 

0.0116 

Methionine 

3.4 (68) 

0.0228 

Serine 

3.r)7(62) 

0.0340 

Threonine 

3.81 (62) 

0.0320 

Tyrosine 

3.4(68) 

0.0188 

Aspartic acid 

8.9(70) 

0.0669 

Glutamic acid 

22.1 (70) 

0.1504 

Arginine 

7.0(70) 

0.0402 

Lysine 

10.3(71) 

0.0705 

Histidine ’ 

1.7(70) 

0.0110 

Tryptophan 

0.82(68) 

0.0040 

Glycine 

1.9(70) 



0.0253 

Alanine 

5.1(71) 

0.0573 

'Valine 



^ Leucmes 



1 Phenylalanine 



Proline 


0.2412'' 

T otal 


0.7860 

Amide N 

1.193 (71),“ 1.196 (69)“ 

0.0852 


The yields quoted in the upper half of the table are more reliable than those quoted 
in the lower half. 

“ Mild hydrolysis. ** Sharp’s yields of these four acids give together 0.1506 gram- 
residues, but Martin and Synge (72), using their new chromatographic method, have 
estimated for me that these four together with methionine account for probably some 
22% of the total nitrogen. From Sharp’s value of the total N (16.8%), and allowing 
for the methionine yield quoted above, this means that valine, leucines, phenylalanine 
and proline give altogether 0.2412 gram-residues. Sharp recognizes, however, that most 
of his shortage lies with the monoamino acids, and the 9% still wanting may reasonably 
be ascribed chiefl> to the glycine and alanine determinations. 


to co-ordinate them with the X-ray data on keratin and myosin, but actu- 
ally the latter give us at once the average residue weight, as follows: 
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i9-Keratin 

io 

Density ~ 1.3 gm./cc. in — R 3.33 A, Thickness = 4.65 A. 

NH 

I . i 

< r9.7 A. ► 

(average) 

Average residue mass = 3.33 X 9.7 X 4.65 X 1.3 X 10"*^ gm. 

One-sixteenth of the mass of an oxygen atom = 1.65 X IQ-^^ gm. 

. ... 3.33 X 9.7 X 4.65 X 1.3 \ ^ 

Therefore average residue weight = =118 (approx.); and 

number of gram-residues in 100 gm. of keratin = 0.85. 

Similarly for 

/3-Myosin 

, j 3.3 X 9.8 X 4.65 X 1.275 , , , 

Average residue weight = = 116 (approx.), and number of 

, 1 .t)0 

gram-residues in 100 gm. of myosin = 0.86. 

From these calculations we see that, within certain limitations (58), 
the amino acid analyses of wool keratin are now reasonably sound and com- 
plete — the yields chosen as most plausible add up, as a matter of fact, to 
rather more than the predicted. For myosin the total reported yields still 
amount to only about 91% of the possible maximum. In both cases we 
shall base ou 5 subsequent calculations on the X-ray value of the average 
residue weight. 

The molecular plan common to the keratin-myosin group will have only 
an approximately constant weight because of variations in chemical con- 
stitution, but it should be founded on always the same number of amino 
acid residues. We have no decisive argument at the moment as to what 
this number is, but the indications point to 576 (2®3^). The general chemi- 
cal evidence hinting at some value of has already been reviewed 
above — and in this connection mention should be made also of the recent 
stimulating findings of Pacsu (73) on the poly-condensation of certain pep- 
tide esters into chains of 3 X 2" residues — but there are the following special 
reasons for choosing 576: 

1. Myosin incorporates as part of its more permanent make-up a 
small proportion of phosphorus. Bate Smith and Davis (74) have re- 
ported percentages ranging from 0.04 to 0.06, and Bailey^s (75) determina- 
tions include 0.043-0.050, 0.054, 0.055, 0.055, 0.048 and 0.067. The per- 
centage corresponding to 576 residues of average weight 116 is 0.0463. 

2. Column I of Table VIII (from Table IV of J. Chem. Soc. (58)) shows 
the frequencies of the various amino acid residues in wool keratin corre- 
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spending to the chosen experimental yields listed in Table VI. They are 
remarkably close to the powers of 2 and 3 shown in column II, which give 
residue numbers totaling exactly 576 (column IV). (The residue numbers 
shown in column III are derived from the experimental frequencies in col- 
umn I, and so add up to rather more than 576 because the total of the 
chosen experimental yields is a little too high — see above.) 

Table VIII 
Wool Keratin 

I — Experimental frequencies. II — Possible ^^ideal” frequencies corresponding to I. 
Ill — Experimentally determined approximate numbers of residues referred to a total of 
570. IV — NumbiJiSfe of residues, totaling exactly 576, corresponding to the “ideal” 
frequencies given in I. 


Amino acid 

I 

11 

III 

IV 

Glycine 

9.8 

9 

59 

64 

Alanine 

18.3 

18 

31 

32 

Valine 

20.7 

24 

28 

24 

Leucines 

9.9 

9 

58 

64 

Phenylalanine 

37.4 

36 

15 

16 

Proline 

14.4 

16 

40 

36 

Methionine 

181 

192 

3 

3 

Cystine/2 

8.6 

9 

67 

64 

Serine 

8.7 

9 

66 

64 

Threonine 

15.8 

16 

36 

36 

Tyrosine 

33.1 

36 

17 

16 

Tryptophan 

96.3 

96 

6 

6 

Aspartic acid ■ 

17.2 

16 

34 

36 

Glutamic acid 

8.9 

9 

65 

64 

Arginine 

14.4 

16 

40 

36 

Lysine 

46.7 

48 

12 

12 

Histidine 

188 

192 

3 

3 

Total 



580 

576 

Amides 

10.5 


55 



Provisionally then, we may suppose that the smallest ^‘pattern weight^' 
in wool keratin is about 576 X 118 = 68,000, and in rabbit myosin 576 X 
116 = 66,800. 

We are not yet in a position to draw up for myosin as complete a table 
as Table VIII, 1 iit Table IX (amplified from reference (58) so as to include 
a proposed “ideal” distribution of the amides) shows the experimental num- 
bers of residues for the more reliable amino acids in myosin, side by side with 
corresponding keratin numbers abstracted from Table VIII in order to 
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facilitate comparison. In what follows, partly to disarm criticism on the 
score of making free with debatable Bergmann-Niemann numbers and 
partly because the argument we shall develop makes it unnecessary to as- 
sume that such numbers occur infallibly, we shall use only experimental 
numbers of residues. Tables VIII and IX show at a glance the sort of 
stoichiometric problem with which we are confronted. We have to corre- 

Table IX 


Comparative Chemical Constitutions of Wool Keratin and Rabbit Myosin for 
THE More Reliable Amino Acids 


Aniino acid 

[ Ohaorved approximate numbers of residues in 576 

Wool keratin 

Rabbit myosin 

Cystinc/2 -1- cysteine 

()7 

8 

Methionine 

3 

15 

Serine 

66 i 

23 

Threonine 

36 

21 

Tyrosine 

17 

13 

. Tryptophan 

6 

3 

Aspartic acid -f amide 

34 

45 

Glutamic acid -f amide 

65 

101 

Arginine 

40 

27 

Tvysine 

12 

47 

Histidine 

3 

7 

Amides 

55 

57 


Proposed ‘‘ideal’' distribution of amides 



Prop. 

Obs. 

Prop, 

Obs. 

Aspartic acid ! 

12 . 


24. 



[ 36 

34 

48 

45 

Asparagine 

24 


24 



[ 56 

55 

[ 56 

57 

Glutamine 

32 


32 1 



[ 64 

65 

[ 96 

101 

Glutamic acid 

32 ^ 


64 ^ 



late this wide range of chemical constitution with a common molecular 
plan and similar long-range elastic properties. 

The thesis we wish to develop is that within the framework of the com- 
mon molecular pattern there is scope for variability among the residues, or 
groups of residues, analogous to what has long been known to hold in the 
silicates, alloys and mixed crystals in general. With the data set out in 
Table IX, however, no correlation based on individual amino acids seems 
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possible: something broader is required. I'o explain the constitution and 
properties of the keratin-myosin group we need to invoke some structural 
property of supreme generality. 

The new model (57) for a-keratin and a-myosin certainly has this 
property of generality. It is based on the polypeptide ‘ ^ grid” and the close- 
packing of side chains, and it was derived from crystallographic, elasticity 
and density considerations without reference to any particular side-chain 
distribution. A satisfactory atomic model (57) has been constructed to 
scale (see Figures 2 (a) and 2 (6)), but the diagrammatic representation in 
Figure 3 will best serve our purpose here. The important point to notice 
is that the side chains are packed together in triads that occur first on one 


Table X 

Summation of Polar Side Chains in Keratin and Myosin (Experimental Values) 


Amino acid j 

1 Nos, of residues 

Keratin 

Myosin 

Arginine 

40 

27 

Lysine 

12 

47 

Histidine 

3 

7 

Aspartic acid 4- amide 

34 

45 

Glutamic acid 4 amide 

05 

101 

Serine 

66 

23 

Threonine 

36 

21 

Tyrosine 

17 

13 

Total 

273 

284 


In myosin there are also on the average about 2 cysteine residues (77). 


side of the main chain and then on the other; but we shall now postulate 
further that the great common theme running through the whole of the 
keratin-myosin group is simply this, that in the main, individual side chains 
are alternately polar and nonpolar. 

This is equivalent to saying that the stoichiometry of the keratin-myosin 
group is a broad stoichiometry of types of amino acids — as indeed it must 
be in order to generate similar properties from differences in chemical de- 
tail — types that are allotted certain sites in the molecular plan; and the 
rule just proposed for the relative distribution of the two broadest possible 
types offers to co-ordinate the principal features of the diffraction patterns, 
the long-range elasticity, and the chemical constitution all in a single 
stroke. The paramount considerations on which it rests are as follows: 
(a) The triads are formed from individual side chains that lie alternately on 
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one side and the other of the main chain. (6) Gordon, Martin and Synge 
(76) find that in the dipeptides formed on incomplete hydrolysis of wool the 
basic amino acids, at least, are linked with all sorts of nonpolar amino acids 
— in fact, there seems to be no really outstanding difference between the 
distribution of acids in the dipeptides and that in the original polypeptide, 
(c) Polar side chains will tend to aggregate with polar side chains, and non- 
polar with nonpolar. If individual side chains are alternately polar and 



Fig. 2o, — Atomic model, to scale, illustrating the packing of side chains in a-keratin 
and a-myosin. The large spheres represent the second CH 2 -group counting from the 
main chain. The region of the structure covered corresponds to the dotted rectangle in 
Figure 3. 


nonpolar, we see that not only do we satisfy condition (6), and, because of 
(a), bring about (c) automatically, but also we endow the structure with 
potential long-range elasticity! 

A necessary condition, of course, for the regular alternation of polar and 
nonpolar side chains is that they shall be equal in number. Table X 
shows that this condition does hold approximately for both keratin and 
myosin — fortunately we can draw up such a table without worrying about 
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inadequate data on the nonpolar side chains, since it happens that the esti- 
mates of all the polar side chains are sufficiently good. We have no right 
to insist on exact agreement, partly because of analytical errors that have 
doubtless not yet been eliminated from Table X, but chiefly because what 
we have just postulated about the sequence of side chains, though funda- 
mental, may not be the whole story: it may be that the plan is adhered to 
in general, but certain divergences are permissible in detail, or are essential 
to serve ends that we do not yet appreciate. 



Fig. 26. — The other face of the same model, with the side chains removed so as to 
reveal the form of the main chain. (From Astbury and Bell, Nature, 147, 696 (1941).) 


As for the explanation the theory offers of the long-range elasticity of the 
keratin-myosin group, it is easy to raise points of detail to which there are 
no immediate answers, but nevertheless the new outlook appears more 
promising in scope than anything that has gone before. It must be re- 
peated that we have to explain similar long-range elastic properties and the 
same a,/3-transformatiori in the face of startling variations in chemical con- 
stitution, and we are suggesting quite broadly that the phenomenon is to be 
traced throughout the group to a common mode of side-chain aggregation 
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involving the formation of polar triads on one side of the folded main chain 
and nonpolar triads on the other. In this scheme there is room for an 
eventual interpretation of the contraction of muscle in terms of increased 




Fig. 3. — Diagrammatic; representation of the packing 
of side chains in the a-fold of the keratin-myosin group ; 

— represe nts the direction of the main chains; • rep- 
resents a side chain pointing up from the plane of the 
diagram; O represents a side chain pointing down from 
the plane of the diagram. (From Astbury and Bell, 

Nature, 147 , 696 (1941).) 

facilities for aggregation by comparatively simple reversible changes in the 
relative distributions of polar and nonpolar side chains, and, above all, 
there is a prospective harmonizing of the concepts that fnyosin is both 
the working elastic mechanism in muscle and also a principal enzyme 
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(adenosine triphosphatase (78)) in the elastic cy(*l(‘. By the incorporation 
of specific reactive groupings among the polar side chains the characteristic 
elastic features of the group would rest unimpaired, but the versatility or 
sensitivity of the system might very well be increased in relation to a par- 
ticular chemical environment. 

With regard to the constitution of the individual polar triads, on which 
so largely depend the power of aggregation and the strength of inter-chain 
linkage, there must also be some rational scheme of combination or inter- 
action between the polar side chains of neighboring main chains in the 
polypeptide grid; and for such a scheme there are available side chains 


Table XI 


Comparative Distribution of Polar Side Chains in Keratin and Myosin 



Keratin 

Analysis 

Titration 

Biusic 

55 

.'il (79)“ 

Acidic 

44 


Amide 

55 


Hydroxyl 

119 1 



Suggested approximate scheme of cross- 
linkage between opposed triads in keratin: 

1 . Acid-base. 

2. Amide-hydroxyl (with some replace- 

ment by acid-base). 

3. Hydroxyl-hydroxyl (with some defi- 

ciency probably made up by cystine 
linkages). 


Myosin 


Analysis 

Titration 

81 

90 (80), 98 (81). 100(82, 

89 

87 (82) 

57 


57 



Suggested approximate scheme of cross- 
linkage between opposed triads in myosin: 

1. Acid-base (with some replacement by 

amide-hydroxyl). 

2. Amide-hydroxyl. 

3. Acid-base (with some replacement by 

amide-hydroxyl). 


® A variety of wools and human hair. The best titration value for Cotswold wool (83) 
is probably 79.6 cc. of N HCl per 100 gm. of wool, corresponding to approximately 54 
basic side chains. 


whose end groups are acidic, basic, hydroxyl or amides. Besides saltlike 
linkages between the bare acidic and basic side chains, there can be variety 
of polar attractions (or hydrogen bridges), and principally we may expect 
the latter to lie between amide and hydroxyl end groups and between 
hydroxyl and hydroxyl end groups (c/. cellulose, etc.). 

Table XI shows the comparative distribution of the different side chain end groups in 
wool keratin and rabbit myosin, together with a proposed scheme of cross-linkage be- 
tween opposed polar triads of the polypeptide grid (58). Figure 4 illustrates this 
scheme diagrammatically (58) within the framework of the a-fold as depicted in Figure 3. 

Figure 4 is a concrete example of what was meant above by our analogy between the 
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stoichiometry of the proteins and that of mixed crystals. And just as in a series of mixed 
crystals we generally have two ‘‘ideal’* or limiting structures, one at either end of the 
series, so in effect Figure 4 postulates an ideal limiting keratin and an ideal limiting 
myosin. Of the polar cross-linkages in the limiting keratin, one-third are salt linkages, 
one-third amide-hydroxyl bridges, and one-third hydroxyl-hydroxyl bridges; whereas in 
the limiting myosin (from which rabbit myosin itself is not far removed), two-thirds are 
salt linkages and one-third are amide-hydroxyl bridges.* It should be noted how this 
scheme gives expression to the ideal allocation of acids and amides put forward in Table 
IX. In this respect at least, there are good grounds for believing that what is aimed at 
is that keratin and myosin shall have the same numbers of asparagine and glutamine 




Fig. 4. — Proposed plan for the packing and cross-linkage of the 
polar side chains in keratin and myosin. 

residues (24 and 32, respectively), while myosin shall have twice as many of both aspartic 
and glutamic acid residues (24 and 64) as keratin has (12 and 32). 

There are two possible ways of realizing residue interchange (58): 
it may take place either within chains or between chains. In other words, 
the pattern of a single chain may be a sequence of certain types of residues 
allotted to definite sites — and in such a chain there will be a stoichiometry 
only of types, not of individual residues — or there may be a variable group- 

* For a more detailed discussion of this proposed stoichiometric scheme of cross-link- 
ages in the keratin-myosin group, and, in particular, of the position of the sulfur bridges 
in the scheme, reference should be made to reference (58). 



88 


W. T. ASTBURY 


ing together of chains, or even of grids, of constant composition, with each 
chain or grid perhaps conforming strictly to the 2^3^ rule. On the whole, 
present evidence is probably more in favor of the latter concept, though 
it is quite reasonable, for all we know to the contrary, to suppose that both 
methods are used, according to circumstances. The evidence in favor of a 
grouping together of chains or grids comes from both chemical and crystal- 
lographic sources. Chemically, there are now known cases, such as lacto- 
globulin and egg albumin, to be discussed below, which require not a single 
chain but a number of chains for any completely satisfactory interpretation 



Fig. 5. — X-ray fiber photograph of the 
tip end of a porcupine quill, dried in a vac- 
uum over phosphorus pentoxide. Cu Ka 
rays. Collimator 13 X 0.025 cm. (Mac- 
Arthur.) 

of their structure; while crystallographically, we have to reckon with the 
outstanding fact that the X-ray photographs of fibrous proteins, such as 
porcupine quill, feather keratin, collagen, etc., reveal large side spacings 
which show that the structural unit must be composed of a number of dif- 
ferent, or differently oriented, chains lying side by side. This strongly re- 
minds us of the plagioclase feldspars, built from continiiously varying pro- 
portions of albite (NaAlSisOg) and anorthite (CaAl2Si208), and the recent 
X-ray interpretation of their structure in terms of a system of fine lamellae 
( 84 ). 

At the moment, the final elucidation of the structure of the keratin-myosin group 
looks most promising by way of porcupine quill, which gives much the best X-ray dif- 
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fraction patterns of the series. Our earlier photographs of porcupine quill, though they 
indicated beyond doubt the presence of higher spacings, were like those of horn, for 
example, shown in Figure 1; but now MacArthur (85), working with greatly improved 
technique, has brought to light more than 100 reflections, ranging in spacing from 1 A. to 
100 A., that together build up one of the most perfect protein fiber patterns yet encoun- 
tered. Figure 5 is a reproduction of the central region of the porcupine quill photograph. 
The prominent group of reflections near the top and bottom corresponds to the arcs — 
the only arcs — seer in Figure 1, so it will be appreciated how very much more crystallo- 
graphic information is now at our disposal. To emphasize this point. Figure 6 is a com- 
posite diagram that includes most of the a-keratin pattern as we know it now. Given 
adequate chemical data, it should be possible to work out this pattern in considerable 
detail, and with such data as are available the task of interpretation is being proceeded 
with. 

The molecular pattern along the fiber axis of porcupine quill repeats at 
probably 658 A. (this is a minimum distance to date), and the strong 
meridian reflection of spacing 5.14 A. that is so characteristic of the keratin- 
myosin group is the 128th (2^th) order of that period. If 5.14 A. repre- 
sents the length of an intramolecular fold comprising three residues, as we 
believe, then a single chain, of the pattern-length revealed by X-rays would 
contain 384 (2^3) residues or a multiple thereof. Chemical analysis indi- 
cates 576 (2®3^), it will be recalled, but there is not necessarily any conflict, 
because both the X-ray and the chemical analytical numbers quoted must 
be considered for the present as the smallest compatible with the experi- 
mental data, and also because the chain may well be folded into long loops — 
it is easy, in fact, to suggest a type of loop that would conform with both 
numbers. The important thing to notice is that 384 is of the form 2"3*”; 
and moreover that almost all the dominant reflections along the fiber axis are 
orders of 668 A. that are exactly or nearly of the form 

These reflections are tabulated in Table XII, due to MacArthur. In the-upper half 
of the table we see that all meridian reflections of appreciable strength included between 
the center of the photograph and the reflection at 5.14 A. follow the rule closely, while in 
the lower half there are still seven other dominant reflections, of smaller spacing, that 
show a similar tendency (we should expect, in any case, the influence of the relative pro- 
portions of the residues to die out in reflections of smaller spacing, because the intensities 
of the latter will be decided more by the arrangement of atoms within the residues). It 
can hardly be argued that all this is pure coincidence, for in the crystallographic spacings 
listed there is none of the wide margin of experimental error overlapping hoped-for re- 
sults that has been used as an argument against similar chemical agreements. 

Here then, from a new and independent quarter, are the 2*s and 3^s again; 
and it is impossible to dismiss them lightly as an example of wishful think- 
ing. What they signify in the case of a-keratin is this, that the full 
molecular pattern is made up of smaller pseudo-patterns, just as that of the 
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tobacco mosaic virus is (86), and these pseudo-patterns subdivide the main 
pattern, sometimes more sharply, sometimes less sharply, into fractions of 

the form It is doubtful whether this finding supports, for keratin 

and myosin at least, the Bergmann-Niemann theory (1) of the way the 
amino acid residues follow one another along the polypeptide chain, but it 


Table XII (58) 


Distribution of the Main Reflections Along the Fiber Axis in the X-ray Dif- 
fraction Pattern of Porcupine Quill (ck-Keratin) 


Intensity 

j Spacing (A.) 

j Order of 658 A. 

j Nearest 2«3m 

All meridian, or very near meridian, reflections (d. ^ 5.1 A.) with intensity W-h 

M I 

66.3 

10 

9 

M 

27.8 • 

24 

24 

M 

19. 96* 

33 

32 

WM 

18.10 

36 

36 

W+ 

13.11 

50 

48 

M- 

12.35 

53 

54 

W-f 

10.44 

63 

64 

M- 

6.16 

107 

108 

Strong 

5.14 

128 

128 


Other dominant me 

ridian reflections 


M 

4.45 

148 

144 

W- 

4.00 

164 

162 

W- 

3.4U 

193 1 

192 

W-f- 

3.08 

214 

216 

V. W 

2.65 

258 

256 

(?) 

2.29 

287 

288 

M + 

1.49 

442 

432 


* Layer line spacing. M * Moderately strong. W - Weak. v. W. ~ Very weak. 


should be noted that it raises the status of column IV, Table VIII, to 
something higher than might be perceived through the gloom of stoichio- 
pessimism. 


V. The Collagen Group (99) 

Very few good chemical analyses are available for pure collagen fibers, 
most analyses having been carried out on gelatin, the protein derived from 
various collagenous structures by breakdown of a hydrol3rtic nature. The 
main features of the X-ray photographs of the collagen fibers and oriented 
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gelatin are always the same, but there are significant differences in detail, 
just as there are undoubted differences in chemical constitution: for this 
reason chemical analyses on gelatin are to be regarded as indicating proba- 
bly only the main distribution of amino acid residues in the collagen fibers, 
though the same reason condones their use in trying to arrive at a general 
stoichiometric interpretation of the common features of the X-ray pattern. 

There are many high spacings in the true collagen pattern (that of rat^s 
tail tendon, for instance), but these have not been observed in the gelatin 
photograph, but only certain reflections characteristic of all collagen photo- 
graphs. Most characteristic of all is the strong meridian arc of spacing 
about 2.86 A., which we have identified with the approximate average 
residue length in tfie direction of the main cliains. The side-chain spacing 
of the dry protein is 10.4 A. at the most— at the most, because gelatin is 
difficult to dry completely, and then the X-ray pattern tends to disappear — 
but it is hard to be at all sure about the backbone spacing, because there is 
only a very diffuse reflection, of mean spacing about 4.4 A., on this part of 
the equator. The dry density is about 1.32 gm./cc., and so if i3 be the 
angle between the side chain and backbone spacings and L the average 
residue length, then: 


94 X 1.65 « M-X 1.32 

sin jS 

z. e.j L = 2,6 sin /3 (approx.), which suggests that L cannot be greater than 
about 2.6 A. It almost certainly is greater than 2.6 A., though, and con- 
ceivably the error lies in the chosen backbone spacing, and perhaps even to 
some extent in the side-chain spacing also. Anyhow, there appears to be 
little doubt that the average residue length is considerably shorter than 
what has been found for the extended polypeptide chains in fibroin, /9- 
keratin, etc., and this outstanding peculiarity of the collagen fibers must 
be linked in some way with their chemical constitution. Table XIII sets 
out the principal available chemical data for gelatin, together with two 
results for collagen proper. At present there is no convincing reason for 
departing seriously from the average residue weight (i^ = 94) chosen by 
Bergmann, or from the scheme of approximate frequencies put forward by 
Bergmann and the writer, and in any event there is no escaping the fact 
that closely one-third of the residues are glycine residues, while almost 
another third (Vis in the ideal frequency scheme) are proline or hydroxy- 
proline residues. Also, as just explained, the X-ray diagram suggests an 
average residue length of the order of 2.86 A. and a general grouping of 
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residues along the chains in sets of three — all of which considerations point 
strongly to a principal intramolecular theme of the form: 



This is no more than the main theme, it must be emphasized, on which 
many variations are possible and are doubtless realized in nature: one way, 
for example, must be by virtue of the fact that once in every eighteen 
residues or so the imino ring is lacking, and the gaps are available for a 
variety of other residues. As in the keratin- myosin group, we have to 
explain the occurrence of a great family of structures, all with certain X-ray 
diffraction features and certain physicochemical properties in common, yet 
differing in chemical composition one from another; and just as in the kera- 
tin-myosin group a single master key may be found in an alternation of 
polar and nonpolar residues, so in the collagen group the key seems to lie 
in the proportions and preponderance of glycine and imino residues. It is 
unfortunate that analyses of various well-defined members of the collagen 
group are not available by which to check this all-important conclusion, but 
that is certainly the inference from the X-ray and chemical data. Over 
the whole field of the protein fibers X-ray analysis waits upon chemical 
analysis, and there is urgent need especially for complete chemical analyses 
of the actual specimens from which the best X-ray results have been 
obtained. 

It follows from Table XIII that the number of residues in the molecular 
plan of the collagen group is (a) a multiple of 3; (6) probably a multiple of 
72; (c) a number of the order of at least 200, to judge by the histidine, 
hydroxylysine and methionine contents; and (d) possibly of the order of 
600, if the reported cystine content is reliable. The most likely minimum 
figure would appear to be 216 (2^3^), and that is also the number which 
accords best with the most recent X-ray results. Wyckoff and co-workers 
(101) reported the following meridian reflections from kangaroo fail tendon : 
2.91 (s), 4.03 (w), 7.21 (w), 21.6 (v. w.), 24.1 (v. w.), 26.9 (w), 33.6 (m), 
54.6 (s), 70.1 (s) and 103 (s); while we have observed a similar series from 
rat tail tendon (102), with certain significant intensity differences, such as 
3.98 (m) and 9.5 (m). From results such as these, the chemical data, and a 
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reported direct measurement by Clark and co-workers (103) of a reflection 
at 432 A., we concluded (52) that the full period along the fiber axis was a 
multiple of approximately 209.5 A., and that the multiplying factor was 


Table XIII 
Gelatin 


R 94, G » 1.06 


Amino acid 

Yield, 

Gram-residues 

Proposed 

% 

Obs. 

Calc. 

frequency 

Glycine 

25.5(87) 

0.3399 




25.5(88) 

0.3399 




26.5(89)* 

0.3533 

0.3533 

3(3‘) 

Alanine 

8.7(87) 

0.0978 

0.1178 

9(3*) 

Leucines 

7.1 (87) 

0.0542 




8.5(23) 

0.0649 

0.0589 

18 (2^3*) 

Phenylalanine 

1.2(90) 

0.0073 




2.6(91) 

0.0158 



Proline 

19.7(88) 

0.1713 




17.5(89)* 

0.1522 

0.1767 

6(2>30 

Hydroxylproline 

14.1 f87) 

0.1060 




14.4(88) 

0.1083 




14.7(92) 

orio.'j 

0.1178 

9 (3*) 

Arginine 

9.1 (93) 

0.0523 




8.7(65) 

0.0500 

0.0589 

18 (2»3*) 

Lysine 

^).9(87) 

0.0404 

0.0442 

24 (2330 

Histidine 

0.9(87) 

1 0.0058 



Hydroxylysine 

Serine -f 

0.94(94) 

0.0057 



hydroxylysine 

3.3(95) 

0.0314 



Threonine 

1.4(95) 

0.0118 



Tyrosine 

0(87) 




Tryptophan 1 

0(87) 




Cystine 

0.2(96) 

0.0017 



Methionine 

1 .0(97) 

0.0067 



Aspartic acid 

3.4(87) 

0.0256 



Glutamic acid 

5.8(87) 

0.0395 



Amide N 

0.33(87) 

0.0236 



Total N j 

18.3(98) 





* For collagen also. 


possibly 4. It appears now, however, that there was some misunderstand- 
ing and that Clark and co-workers did not observe directly a reflection at 432 
A., but only inferred it; and it turns out from the latest direct measure- 
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ments by Bear (100) that the multiplying factor is actually 3 (or some 
multiple of 3, to be strictly correct). Bear, working with dried beef tendon, 
has recorded ten of the innermost orders of a fundamental period that he 
estimates to be about 640 A. The over-all average from Beards data and 
those of other workers is about 636 A., and on this basis we have set out in 
Table XIV the full list of observed meridian reflections and their orders. 


Table XIV 
Collagen 


Meridian reflections in the X-ray fiber diagram (Proposed period ** 636 A.) 


Order 

1 Spacing 

Order 

j 

1 Spacing 

Calc. 

Oba. 

Calc. 

Oba. 

1 

636 


19 

33.5 

33. 6‘ 

2 

318 

322" 

1 


32.2" 

3 

212 

217" 

24 

26 . 5 

26. 9‘ 

4 

157 

161“ 



26.2" 

6 

106 

106“ 

27 

23.6 

24. 



103‘ 



22.7" 



noi“ 

30 

21 2 

21 .6‘ 

7 

91 

91" 

67. 

9.5 

9.5" 

8 

79.5 

80“ 

77 

8.3 

8.3" 

9 

71 

71" 

88 

7.23 

7.21' 



70.1^ 

139 

4 . 58 

4.59" 



71" 

159 

4 0 

4.03' 

10 

63.6 

64" 



3.98" 

1 1 

57.8 

58" 



j 2.91' 




219-222 

2.91 -2.86 


12 

53 

53“ 



( 2. *86" 



54,6' 

238 

2.67 

2.67" 



52.5" 

313 

[ 2.03 

2.03" 


•Bear (100); ^ Wyckoff and Corey (101); Astbury and Hell (102). 


The equatorial reflections observed by Wyckoff and Corey from kangaroo 
tail tendon are: 5.42 (s), 10.9 (s), 19.9 (w), 30.0 (v. w.) and 47.6 (w); 
while our own measurements from rat tail tendon are: 3.6 (?), 4.4 (?), 5.62, 
6.06 and 11.0 (at room humidity). 

Another very recent and valuable investigation that lends support to the present 
conclusion that the fundamental period along the collagen chains is of the order of 636 A. 
is that of Hall, Jakus and Schmitt (104), who have obtained electron microscope photo- 
graphs ( X 25,000) of single collagen fibrils from rat tail tendon, beef tendon and liga- 
ments, human skin, etc. These photographs show a series of transverse bands of spacing 
that varies from about 520 A. to 9(X) A. according to the Specimen. The X-ray spacings 
do not vary, however, so that what is revealed by the electron microscope, though 
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related in some way to the intramolecular period, is possibly a periodic distortion pro- 
duced by intensive drying, a treatment that is already known to have an adverse effect 
on the intramolecular pattern along the fiber axis in gelatin. This combined investiga- 
tion by means of the electron microscope and X-rays is being continued, and the outcome 
will be awaited with great interest. 

Assuming, then, that the full period along the collagen chains is about 
636 A., a reflection at 2.86 A. would be the 222nd order, and the 216th 
v)rder would correspond to rather less than 3 A. In other words, jpst such 
a minimum number of residues as might be inferred from the chemical 
analyses, built into chains of the kind proposed, might reasonably be ex- 
pected to result in a period of the length observed, and could also very well 
reproduce the othel^haracteristic features of the X-ray pattern. It must 
be confessed that there is an unsatisfying vagueness about this sort of 
statement, but the following points have to be kept in mind: (a) that we do 
not know, in view of what has been said earlier in this article, and pending 
complete analyses of individual collagens, to what extent the numbers of 
the different kinds of residues and the total number of residues in the 
molecule are governed exactly by the 2”3”* rule, though clearly there is a very 
strong tendency in that direction among the predominating residues; (b) 
that a maximum intensity among the meridian reflections need not occur 
exactly at a spacing representing the average residue length, though we 
might expect it to occur somewhere near; (c) that it is not certain whether 
the reflection at 2.86 A. is a true meridian reflection, or whether it is really 
only a close layer-line reflection of spacing slightly less than the corre- 
sponding meridian translation; and (d) that the influence of the lateral 
grouping of chains is unknown. All things considered, therefore, it must be 
granted that the degree of co-ordination now appearing between the X-ray 
and chemical data is distinctly promising, and that in spite of an aggravat- 
ing lack of quantitative precision the argument seems to be running defi- 
nitely along the right lines. It should be noted, finally, that the interpreta- 
tion of the collagen group outlined here remains essentially the same as that 
put forward (52, 99) before the appearance of Beards results. The latter 
help to bring a much-needed precision to the X-ray side of the problem, 
but they do not introduce anything to compel a different point of view. 

VI. The Non-Fibrous or Corpuscular Proteins 

Insulin (105). — Zinc insulin crystals are rhombohedral, space group R3, 
with one molecule per cell. Miss Crowfoot’s data are as follows: 

/ ^tir-dried: a ** 74.8 A., c ■■ 30.9 A. 

Hexagonal axes | „ g 30 ^ _ 3 ^ q ^ 
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ovaq/ ^^ir-diied t a =» 44.4 A., a » 114° 28'. 

Rhombohedral axes | ^ ^ ^ ^ ^ a = 114° 16'. 

Dry density « 1.31 gm./cc. Wet density « 1.28 gm./cc. 

The calculated molecular weight in the dry crystals is 37,600,* but in the 
wet crystals there is added to this a weight of liquid of crystallization equal 
to 14,800. There seems every reason to believe that the molecule in the 
dry crystals is the same thing as the Svedberg unit (AT, = 41,000; = 

35,000 (16)), and indeed the crystallographic evidence points to a similar 
state of affairs in the wet crystals too, except for a small rotation of the 
units about the c-axis and the penetration of liquid between them. The 
wet crystals give X-ray reflections down to about 2.4 A. (1564 reflections 
have been recorded!), indicating a regularity of structure down to atomic 

Table XV 
Insulin 


R = 123, G = 0.811 

I — Percentage yield. II — Gram-residues in 100 gm. of protein. Ill — Observed 
frequency in 0.811. IV — Proposed frequency. V — Number of residues in 288. 


Amino acid 

I 1 

II 

III 

IV 

v 

Arginine 

3.05 

0.0175 

46.3 

48 (2*3') 

6 

Histidine 

10.7 

0.0690 

11.7 

12 (2»3') 

24 

Lysine 

1.26 

0.0086 

94 

96 (2»3') 

3 

Cystine /2 (106) 

12.5 

0,1042 

7.8 

8(2*) 

36 

Tyrosine (107) 

12.5 

0.0691 

11.7 

12 (2»3') 

24 

(Amide NH, 

1.65 

0.0971 

8.4 


34) 


dimensions, and threefold symmetry in the diffraction pattern has also 
been observed down to this limit. Since there is only one molecule per unit 
cell, this probably means that each molecule is symmetrical about a triad 
axis, or very nearly so, though the chance of statistical symmetry must 
always be borne in mind for the present. The implication, therefore, is 
that the numbers of the different kinds of residues are all divisible by three, 
and this is substantiated at least for the acids quoted in Table XV, which 
is based on Chibnall's most recent results (14). 

Chibnall finds G = 0.811, which gives an average residue weight of 123, 

* (Footnote added in proof): The most recent measurements indicate that the 
water-content of the air-dried crystals is in reality greater than the estimate hitherto 
used in the crystallographic calculations, and it now seems probable that the crystallo- 
graphic molecular weight is about 35,600, in good agreement with the chemical value 
deduced by Chibnall (see below). 
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and he states that the accuracy of the histidine yield is probably 2% and 
that of the other results 3%. It seems pretty certain that the rule 
holds for the acids quoted, and though the L.C.M. so far available is only 
96 (2*30, the independent evidence of the molecular weight points to a 
further multiplying factor of 3, giving 288 (2*30 residues in the complete 
molecule. Using Chibnairs value of ft, the molecular weight comes then to 
35,500, approximately. 



Fig. 7. — Wet zinc insulin, Patterson-Harker section parallel 
to (0001) at 2 =* 0 (Crowfoot). 

Chibnall estimates by the Van Slyke manometric method that there are 
probably 18 free amino groups in the insulin molecule; that is to say, it is a 
system of 18 peptide chains. This finding is in remarkable agreement 
with a property, pointed out by Bernal (108), of the (0001) Patterson pro- 
jection prepared by Miss Crowfoot from her X-ray data. To quote her 
own words: ‘Tn position all the observed peaks (in the projection) fall on 
a hexagonal network, the axes of which lie at an angle to the crystal- 
lographic axes. The angle observed is closely that required if the insulin 
molecule itself has a structure in which the eighteen points of the network 
around the origin are occupied by units which are arranged in a close- 
packed array, not only within one molecule but also with reference to the 
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unit structure of neighboring molecules. The change from dry to wet 
insulin then appears to involve an angular shift of the molecules from these 
close-packed positions. Further, the new peak positions in the wet (0001) 
projection are not far from a second hexagonal network, which might again 
bring the unit points into close contact’’ (109). There is nothing yet, 
however, in the crystallography to link the 18 peaks in the Patterson pro- 
jection directly with the 18 peptide chains inferred by Chibnall and it 
would be unwarranted to jump to conclusions before the analysis now in 
progress has yielded its utmost, but obviously both X-rays and chemistry 
are here converging on something very fundamental in protein structure. 
And that something is undoubtedly the same thing as has shown itself 
from time to time in relation to the rule and throughout the whole of 
this stoichiometric discussion — we refer to the building of proteins from 
subunits whose make-up must be comparatively simple, and whose stoichi- 
ometry may conceivably be always a matter of 2^s and 3’s. 

Another extremely interesting feature of the insulin Patterson diagrams 
is the occurrence of a number of high and well-defined peaks at about 5 A. 
Figure 7 (reproduced here by courtesy of Dr. Crowfoot) is a Patterson- 
Harker section for wet zinc insulin parallel to (0001) at z = 0. Its appear- 
ance is striking, to say the least, and one cannot help wondering whether 
these strong mass-vectors (there are others, too , in other sections) may not 
ultimately be traced to an intramolecular source similar to that of the 
characteristic 5.1 A. reflection of the keratin-myosin group; that is to say — 
if the present interpretation of the latter is sound — to a system of folded 
main chains and close-packed side chains. The time is not yet, though, to 
express any opinion of value, but the possibility is there and deserves to be 
examined most carefully. In the meantime X-ray progress with insulin 
will be followed with a keenness as great as any in protein studies. 

Labtoglobulin. — According to Chibnall (14), jS-lactoglobulin, though homogeneous by 
electrophoresis, ultracentrifuge and solubility tests, is definitely at variance with the 
2"3”‘ rule. Table XVI has been drawn up by Chibnall from his own analytical results 
and some by Brand and Kassell (110). The average residue weight is estimated at 
1 12.4, and the mean value of the molecular weight comes to about 42,000 (c/. M, « 
41 ,500 and Af* =« 38,000 (16)). The numbers of residues for arginine and lysine are not 
factorisable by 2*s or 3's, and neither is the estimated total number of residues (373). 
The deviations from the 2"3"‘ rule in the case of egg albumin might be explained on the 
ground of nonhomogeneity, as pointed out above, but there is no such escape with 
lactoglobulin: if there are structural anomalies, we must look for them inside the mole- 
cule itself. 

As it happens, a solution is found at once simply by comparing the 
numbers of carboxyl and amino groups given by analysis with the corre- 
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spending numbers given by titration (111). The reader is referred to 
Chibnairs Bakerian Lecture for a fuller discussion; here we need only state 
that while the number of carboxyl groups tallies, the number of free amino 
groups found by analysis is apparently 7 or 8 short of that found by titra- 
tion and by the Van Slyke nitrous acid method. Chibnall infers from this 
that the lactoglobulin molecule is an association of 8, or more probably 9, 
peptide chains held together by linkages involving carboxyl but not amino 
groups; and if the inference is correct, as there is every reason at the mo- 
ment to believe, then the rule need not hold for the complete molecule, 


Table XVI 
/ 3 -Lactoolobulin 
R = 112.4, G = 0.890 


I — Percentage yield. II — Observed gram-residues in 100 gm. of protein. Ill — Fre- 
quency referred to 0,890. Il^ — Minimum molecular weight calculated from I and II. 
V — Assumed number of residues. VI — Calculated molecular weight of protein. 


Amino acid 

I 

II 

III 

IV 

V 

VI 

Arginine 

2.89 

0.0166 

53.6 ! 

6,115 

7 

42,105 

Histidine 1 

1.54 

0.0099 

89.8 

10,080 

4 

40,290 

Lysine 

9.75 

0.0667 

13.3 

1,498 

28 

41,970 

Tyrosine ( 110 ) 

3.78 

0.0209 

41.7 

4,790 

9 

43,110 

Tryptophan (110) 

1.94 

0.0095 

93.7 

10,520 

4 

42,090 

Methionine ( 110 ) 

3.22 

0.0216 

41.3 

4,633 

9 

41,700 

Cystine (110) 
Cysteine (as Va cys- 

2.29 

0.0095 

93.5 

10,500 

4 

41,980 

tine) ( 110 ) 

1.10 

0.0092 

97.3 

10,920 

4 

43,670 

Glutamic acid 

21.51 

0.1463 

6.1 

684 

62 

42,400 

Aspartic acid 

9.88 

0.0743 

11.6 

1,346 

31 

41,730 

(Amide NH 3 

1.29 

0.0759 

11.7 

1,318 

32 

42,160) 


whether or not it holds for each individual chain. The evidence of egg 
albumin and lactoglobulin is invaluable: it is just the sort of thing that was 
wanted in order to make sense of the accumulating concordances and dis- 
crepancies; for surely there are enough of the former to demonstrate the 
existence of a rule of some kind or other, yet quite enough of the latter 
also to show that it cannot be of universal validity when whole molecules 
are in question.. The most reasonable point of view now is that the rule 
holds for structural components, and hence sometimes for complete struc- 
tures as well, with the corollary that the fewer the dissimilar components 
the closer the agreement that might be expected. Edestin, for example, 
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may well turn out to consist of only a few long chains,* for there is not only 
the stoichiometric argument in favor of this, but also the pronounced fiber- 
forming properties of the seed globulins when denatured (50). 

A great deal of X-ray work on lactoglobulin has been carried out by Riley (112), who 
has examined most thoroughly the various Patterson diagrams and other aspects of the 
matter. The outlook, though complex, is by no means unpromising. Riley has suc- 
ceeded in disentangling the data to the extent of placing the molecules in the unit cell, 
deriving their probable shape, and suggesting possible combinations of intramolecular 
components, but unfortunately the analysis is not sufficiently advanced to permit of any 
unambiguous correlation with the stoichiometric findings. For further information the 
reader is referred to Riley *.s thesis and a forthcoming publication. 

There are two varieties of lactoglobulin crystals, tabular and needle- 
shaped, and the following is a summary of the principal dimensional data : 



a 

b 

1 

1 ^ 

Density 

Space group 

Molecules 
per cell 



Tabular Orthorhc 

)mbic 



Wet 

67. 5A. 

67. 5A. 

154 A. 

1.257 

P2i2,2i 

8 

Partly wet 

67.5 

67.5 

148.5 


P2i2,2i 

8 

Dry 

60 

63 

no 

1.27 

(P2i2i2i) 

8 



Needle Tetragonal 



Wet 

67.5 

67.5 

133,5 


P422i 

8 

Dry 

56 

56 

(130) 

(1.3) 


! ^ 


There are no measurements of the water content of air-dried lactoglobulin 
crystals, and so far the X-ray data show only that the molecular weight is 
in the neighborhood of 40,000 to 41,000. 

Egg Albumin. — On account of the incorporation in the egg albumin 
molecule of phosphoric acid and polysaccharide groups the interpretation 
of the acid- and base-binding data is as yet provisional. Nevertheless, be- 
cause X-ray and other indications seem to point in the same direction as 
stoichiometry, it is well worth recording that Chibnall (14) surmises from 
the analytical and titration data that the molecule consists of at least four 
chains. The structure! proposed some years ago by the writer (114) was 
that of four superposed laminae separated by side chains. The suggestion 

* (Footnote added in proof) : It has now been shown by Chibnall that the edestin 
molecule contains no more than one chain per weight of 50,000. 

t That is, the structure of the native molecule. In the published summary (113) of 
Chibnairs Bakerian Lecture there is a misprint which says that the writer (W. T. A.) 
proposed a set of four laminae for the structure of the denatured molecule. 
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arose partly from X-ray studies of fibrous proteins and partly from an 
observation of Gorter^s (115) that the area of the monolayer formed by the 
''spreading^' of one molecule of egg albumin is approximately equal to the 
surface area of the native molecule, considered spherical. We may not 
argue that the sphere is hollow and so produces automatically a mono- 
layer of the same area, because the density of undenatured^s practically 
the same as that of denatured egg albumin (116) : rather must we conclude 
that an apparent sphere of surface area 47rr^ gives rise to four laminae each 
of area 7 rr^. And then as regards both density and dimensions the agree- 
ment is good, for the diameter of the egg albumin molecule as given by the 
ultracentrifuge is about 44 A., while the thickness of a pile of four laminae 
would be four {iihes the average protein side-chain spacing as given by X- 
rays, i. e., about 4 X 10 = 40 A. Such a picture for egg albumin* (and proba- 
bly for other corpuscular proteins too) co-ordinates so many of the known 
facts (117) that it is patticularly satisfactory to find that it is consistent 
also with the available stoichiometric evidence. Incidentally, it should be 
noted that the deviations from the 2”3^ rule reported for egg albumin by 
Chibnall could be explained on either intra- or intermolecular grounds, or 
both. 

Hemoglobin. — A comprehensive X-ray examination of horse methemo- 
globin is being carried out by Perutz (118). The crystals are mono- 
clinic, space group C2, with two molecules per cell, each molecule being 
symmetrical about a dyad axis. The cell dimensions at different stages of 
slow drying, starting from crystals suspended in concentrated solutions of 
ammonium sulfate, are as follows: 



a 

b 

c 

P 

c sin $ 

Wet 

109 A. ± 0.5 

63.8 A. 

55.1 A. 

iii.r 

51.4 A. 

Intermediate 

109 =t 0.5 

63.8 

51.4 

116.2 

46.1 

Intermediate 

109 0.5 

63.8 

53.5 =^0.3 

127.5 =*=0.5 

42.3 

Air-dried 

104 =t 1.5 

1 63.8 

Cjx 

If 

b 

137.5 1 

36.5 


From such measurements and other observations that need not be de- 
scrilxid here it follows that the hemoglobin molecules form coherent sheets 
parallel to the c-plane, with layers of water and ammonium sulfate in be- 
tween the sheets. On drying the crystals, the sheets move closer together 
and slide over one another, thereby increasing the monoclinic angle 
The hemoglobin molecule is a rigid unit unaffected by the degree of hydra- 


A similar sugpjestion has more recently been put forward by Pauling (119). 
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tion of the crystal, and it is of the nature of a slab whose flat side is parallel 
to the c-plane. Its greatest length is parallel to its dyad axis (6-axis = 
64 A.), its thickness is about 36 A. (perpendicular to the c-plane), and its 
width is probably about 48 A. (in the direction of the a-axis). The optical 
properties indicate that there are more primary bonds parallel to the bi- 
plane than to the other two principal planes, and also that the four liaem 
groups lie parallel to the a-plane: in view of the dyad axis this would mean 
two haem groups on each a-face. 

The analysis is proceeding, and with every hope of finding out much 
about the internal structure of the molecule. There is no correlation to be 
reported yet with stoichiometric data of the kind set out in Table III, but 
it is worth mentioning that about three-quarters of the side chains are non- 
polar. The nonpenetrability of the molecule by water would suggest that 
these side chains are used for internal linkages, leaving the remaining quar- 
ter, consisting of active side chains, to function on the periphery. 

Tobacco Mosaic Virus (86). — The unit particles are rodlike bodies of 
such regularity of internal structure that it makes little difference whether 
we call them molecules or crystals. Their length is not easily estimated by 
X-ray methods, but it is at least 1500 A. (120), and particles much longer 
than this are formed by aggregation. Their thickness is 150 A., which 
means that the cross-section corresponds to the cross-section of only three 
crystallographic unit cells (hexagonal or pseudo-hexagonal). The unit cell 
dimensions are: a = 87 A., c = 68 A.; and since the density is 1.34 (121), 
this is equivalent to a weight of 370,000. The sixth layer-line is very 
strong, however, and the reflections are markedly pseudo-rhombohedrabin 
character, so the true repeat units may possibly weigh only one-sixth of this, 
i. e.y 62,000. The virus, like all viruses apparently, is a nucleoprotein, the 
conjugated nucleic acid being of the type of yeast nucleic acid (122) and 
present to the extent of 5% (123) or 6% (86). The phosphorus content 
(122) is given as 0.56%, and therefore the weight associated with one nu- 
cleotide is about 5500, which suggests, since the structure is iK'xagomd, that 
12 nucleotides are associated with the X-ray unit estimaU'd to w (‘igh 62,000, 
whose volume is 74,270 A^. On this reckoning, the volume associated with 
one nucleotide is about 6190 A^. 

Now the peculiar thing is this, that Bernal and Fankuchen conclude 
from a study of the strongest reflecting planes that the tobacco mosaic 
virus is based on roughly equidimensional subunits of side 11 A., though 
clearly such subunits could be associated with only one-quarter of a 
nucleotide (or rather less), which at first sight seems stoichiomctrically un- 
reasonable. Perhaps the correct inference is that the function of each 
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nucleotide is to co-ordinate the proposed subunits in groups of four. The 
authors show, however, that there is also evidence for larger subunits, flat 
platelets of dimensions 44 X 44 X 22 A., that are arranged in cubic close- 
packing. But the volume of each of these larger subunits would be associ- 
ated with about 7 nucleotides, if we accept the various dimensional data 
just quoted, so here again, for the moment, we have what looks like a 
difficult number, both stoichiometrically and crystallographically. 

The number of amino acid residues per nucleotide would appear to be 
something of the order of 50. It may be that the correct number is 48. 

VII. Summary 

The chemical evidence is reviewed for a 2”3'” rule governing the propor- 
tions of amino acid residues in protein structures. It is shown that under 
certain conditions such a rule manifests itself beyond doubt, but there are 
cases where it definitely does not hold. The conclusion is reached that the 
rule operates in the building of the constituent parts of protein structures, 
but to what extent it appears in the completed product is a question of the 
number of dissimilar components. 

The fibrous proteins are classified according to the findings of X-ray 
analysis. 

The chemical and X-ray evidence is reviewed on the structure of silk 
fibroin. The frequencies of the principal residues appear to be of the form 
2”, but tne existing X-ray data are inconsistent with the chemical data. 
The X-ray evidence to date does not support the view that the residues in 
silk fibroin follow one another always or exactly in the periods suggested 
by their relative pro{X)rtions. 

The chemical and X-ray evidence is reviewed on the structure of the 
keratin-myosin group of fibrous proteins. It is shown that the group must 
conform to a broad stoichiometry of types of residues incorporated in a 
common molecular plan. A model is proposed which co-ordinates the 
main properties of the group, both X-ray and chemical, which are then de- 
ducible from a single principle that, in general, polar and nonpolar side 
chains occur alternately along the polypeptide chains. It is doubtful 
whether the X-ray evidence supports the view that the residues are dis- 
tributed along the chains in periods always corresponding to their relative 
proportions. 

The chemical and X-ray evidence is reviewed on the structure of the 
collagen group of fibrous proteins. Again there is a common molecular 
plan in spite of variations in chemical constitution. The key appears to 
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lie in the preponderance and relative proportions of glycine and imino resi- 
dues, for so far only on this basis are the X-ray data susceptible of a reason- 
able interpretation. Along the polypeptide chains both glycine and imino 
residues must repeat for the most part at intervals of three residues. 

Chemical and X-ray evidence is reviewed that throws light on the 
stoichiometry and internal structure of insulin, lactoglobulin, egg albumin, 
hemoglobin and tobacco mosaic virus, and data are presented that satis- 
factorily correlate deviations from the 2”3^ rule with multiple components, 
both intermolecular and intramolecular. 
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The term glycogen refers to a polysaccharide or, more properly, to a 
group of polysaccharides occurring in cell plasma, which yield glucose as 
the end product of hydrolysis and which give a red-brown, red or in 
rarer cases violet color reaction with iodine. Glycogen may occur in 
practically all animal cells as well as in yeast. 

According to the definition comprised in the foregoing description, 
glycogen is not a pure chemical entity having characteristics independent 
of its origin but rather, a biological conception. In the starch grains of 
many plant species, e. g., in Oryza saliva var. glutinosaj are found car- 
bohydrates which likewise hydrolyze to glucose and show a red color re- 
action with iodine. Products exhibiting a similar color reaction are also 
obtained by the decomposition of starch. Although these substances are 
certainly related to glycogen, as will appear later, it is not customary to 
designate them as ‘^glycogens’^ and it seems advisable to follow the same 
practice in the present account rather than add to the confusion of termi- 
nology which already besets this domain of chemistry. 

♦ Translated by J. Edmund Woods, Queens College, New York. 
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I. The Recognition and the Quantitative Determination of Glycogen 

1 . Qualitative Detection by Color Reactions 

The presence of glycogen in cells can be detected by the red color pro- 
duced by iodine-potassium iodide solution. The same reagent serves for 
microscopic testing of tissue sections. Inasmuch as certain other cell 
constituents also give a similar color, it is usual to immerse the section in 
saliva, whereupon the glycogen is dissolved, while other color-produc- 
ing substances remain behind. 

The coloration with carmine according to C. H. Best is also useful for 
microscopic detej^ion. Carmine is an aluminum-calcium lake of carminic 
acid which occurs in cochineal solutions. The coloration disappears in the 


O 



presence of potassium chloride and ammonia. Glycogen becomes colored 
red. 


2. Quantitative Determination of Glycogen in Organs 

If the organ under investigation contains no other alkali-stable poly- 
saccharides besides glycogen, the quantitative method introduced by 
Claude Bernard (6) and improved by Pfliiger (55) can be used. 

The pulped organ material is treated with an equal volume of hot 60% potassium hy- 
droxide and precipitated with a like volume of alcohol. The mixture is washed, first 
with a mixture of one part 15% aqueous KOH and two parts alcohol and then with 
alcohol alone. The residue is then dissolved in water and hydrolyzed with HCl. The 
resulting glucos^is determined by reduction {e. g.y by Bertrand’s method). This is also 
the basis of the modem microchemical methods. 

Soerensen and Haugaard (68) hydrolyze the glycogen with sulfuric acid and deter- 
mine the glucose colorimetrically by means of orcin (methyl resorcinol). 

Heatley (23) modified Pfliiger’s method so that as little as 1 mg. ^ 2y can be deter- 
mined. The glucose was determined by the procedure of Linderstroem-Lang. 

Kerr (26) also devised a microchemical method which corresponds to Pfluger’s macro 
method. It is especially suitable for the detection of very small amounts of glycogen in 
brain and nerve tissue. 

Brand (7) invented a rapid micro method like that of Pfliiger, the uniqueness of which 
depends upon adsorption of the polysaccharide by zinc hydroxide. 

Sayun (63) in a comparable variation of PflUger’s method used animal charcoal as the 
adsorbing agent. 
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Simonovitz (66) criticized these adsorption methods and proposed the following 
method by which as little as 0.6 mg. of glycogen may be determined. Using the same 
conditions as those of Pfliiger, he precipitated with alcohol in the presence of saturated 
sodium chloride solution. The precipitate was centrifuged out, dissolved in water, 
neutralized with sulfuric acid, hltered from the albuminous residue and then pre- 
cipitated again by means of alcohol and saturated NaCl solution. The recovered glyco- 
gen was hydrolyzed with 2 N H2SO4 and the glucose determined according to I. Bang. 

By these methods, however, other polysaccharides which survive alkaline treatment 
and hydrolyze to reducing sugars are also determined. Among these, for example, is 
the mannan present in yeast. The salivary glands of snails (Helix pomatia)^ yielding 
galactose on reduction, respond to the same methods of determination. In such cases 
it is necessary to remove the other polysaccharides first; mannans and galactans are 
thrown out of the alkaline liquor by means of alkaline copper solution; the salts are 
thereupon separated by dialysis; finally the glycogen is precipitated with alcohol and 
determined as described above. 


IL Isolation 

1. The Alkalirte Treatment 

In order to obtain the glycogen frSe from albumin or other cell con- 
stituents one had best follow the original instructions of Claude Bernard, 
treating the organ with strong alkali and precipitating with alcohol. The 
preparations obtainable commercially are always made by this method. 

Ill the treatment with strong KOH, however, decomposition cannot be 
prevented unless oxygen is , rigorously excluded. Accordingly, com- 
mercial glycogen has a considerably lower molecular weight than glycogen 
preparations which have been made with this precaution. Furthermore, 
in case peptides or lipoids are combined chemically with the cell proteins 
by primary valences, such groups will be split off during alkali treatment 
so that the analysis of glycogen obtained in this way tells nothing about 
the condition of the ‘hiative’’ glycogen. 

In the following, therefore, we shall describe a few methods for the 
isolation of glycogen whereby the breaking of chemical linkages, as, for 
example, ester or amide linkages, is avoided; hence*, by these means the 
glycogen can be obtained in its ^hiative” condition. The glycogen ob- 
tained by such safeguarded procedures from muscle, liver and yeast is 
free from nitrogen and phosphorus. Glycogen is therefore not united to 
protein or phosphoric acid by primary valences in its native condition. 

2. Isolation by Protective Methods 

Glycogen from Rabbit’s Liver According to Bell and Yoimg ( 5 ). — The livers of several 
freshly slaughered animals are placed in double their volume of boiling water, boiled 
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and at the same time disintegrated. The residue is ground with sand and extracted with 
boiling water repeatedly. The combined solutions are treated with one-tenth their 
volume of 40% trichloracetic acid, allowed to stand at 0® C. for 15 to 18 hrs., centri- 
fuged and then precipitated with 2 V 2 times their volume of alcohol. Purification is 
achieved by precipitation with alcohol from aqueous solution containing some am- 
monium acetate or from water by addition of four times its volume of acetic acid. The 
drawbacks to this method are that not all the glycogen is likely to be extracted with 
hot water and, furthermore, that slight hydrolysis of the glycogen in the rather strongly 
acidic solution is not entirely prevented. 

Glycogen from Mussels (Anodonta) According to K. H. Meyer and Jeanloz (39). — 
The muscular tissue of mussels (Anodonta) is broken down in a meat grinder and put 
immediately into an equal weight of boiling water. After centrifuging, the solution is 
precipitated with 1 V 2 volumes of methyl alcohol, centrifuged again and dried with alco- 
hol and ether. Th^1*^sidue is extracted in the same way repeatedly until the solution 
no longer gives a coloration with iodine-pota.ssium iodide solution and is then extracted 
with 33% aqueous chloral hydrate for 60 min. at 80° C. Meanwhile the pH is kept be- 
tween 6 and 7 by addition of sodium acetate. Precipitation is effected with methyl 
alcohol. By this treatment there is obtained a further glycogen fraction (Fraction IV) 
which is treated separately because of its*albuinin content and its low solubility. The 
residue is free from glycogen. 

The crude glycogen is dissolved in water and the accompanying proteins precipitated 
with picric acid. The amount of picric acid must be regulated ac(*ording to the amount 
of albumin present. For a 1% solution of muscle glycogen we use a third of its 
volume of 5% picric acid. The mixture is centrifuged and precipitated with IV 2 vol- 
umes of methyl alcohol. Purification is accomplished by repeated precipitation and 
electrodialysis. The elecf/rodialysis yields three fractions which can be separated from 
one another by careful siphoning: a soluble, clear fraction (I), a soluble, turbid fraction 
(II) and a precipitate (III). Their average nitrogen content is 0.6%. The three solu- 
tions or suspensions are treated separately according to Sevag (65), first with one-fifth 
their volume of chloroform, and then with one-fifteenth their volume of isoamyl alcohol. 
They are shaken for 10 to 15 hrs. and centrifuged for 1 hr. The proteins form a gel with 
the chloroform, leaving the glycogen in the aqueous solution. This procedure is re- 
peated several times and then the glycogen is precipitated with alcohol. The nitrogen 
content is less than 0.06%. 

The strongly albuminous glycogen. Fraction IV, consisting of about 80% protein and 
20% glycogen, is extracted three times at 90° C. with five times its volume of 30% cal- 
cium chloride solution which has been brought to a pH of 7 to 8 by addition of mag- 
nesium carbonate. The bulk of the protein is left undissolved by this treatment. The 
extract is precipitated with 12% I-KI to which solid sodium chloride and some aitetic 
acid have been added. The precipitate is centrifuged off, washed with 60% alcohol, 
decomposed with bisulfite, dialyzed and precipitated with alcohol. The glycogen so 
obtained forms a turbid solution in water. 

Preparation of Yeast Glycogen According to Stockhausen and Silbereisen (72). — The 
yeast is ground up in a mortar with an equal weight of quartz sand and a fifth of its 
weight of diatomaceous earth. The mixture is put under hydraulic pressure of 350 
atmospheres. A liquor is thus obtained which contains the glycogen, the mannans and 
the proteins. The yeast can also be treated under the same conditions in a mill having 
rotating steel rolls, afterward extracting with hot water (39). The mannans are sepa- 
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rated on adding an excess of Fehling’s solution and allowing to stand for about 15 hrs. 
After filtration the solution is neutralized with acetic acid, dialyzed for 3 to 4 days with 
running water and electrodialyzed for 2 days. By repeated treatment with alcohol, 
glycogen and proteins are precipitated. The proteins are removed by Sevag^s method 
(65). 


3. The Composition of Glycogen 

According to Taylor and McBride (74) and to Reich (59), the phosphorus 
as well as the nitrogen in glycogen are due to albumin which is mixed with 
it. Samec and Jsajewic (61) asserted that the readily soluble glycogen 
fraction obtained on electrodialysis contained phosphorus. It is probable, 
however, that their solution retained phosphorus-bearing decomposition 
products of proteins or phosphatides. We ourselves found that the 
glycogen which had been very carefully prepared according to the fore- 
going directions and painstakingly freed of proteins contained less than 
0.01% of phosphorus and less than 0.06% of nitrogen. From this one may 
infer that neither nitrogen nor phosphorus is chemically combined with 
glycogen. Accordingly ^ glycogen contains no hexoseamino residues and no 
phosphorus. The composition of pure, dry glycogen corresponds to the 
formula CeHjoOo. 

III. Fractionation; Properties of the Separate Fractions 

Unfractionated glycogen preparations and also the commercial, partly 
decomposed products form opalescent or turbid solutions in water. The 
particles in glycogen solutions can be perceived by means of the ultra- 
microscope (E. Raehlmann (58)) and the electron microscope (Ruska and 
Husemann (60)). 

Crude glycogen can be divided in various ways into fractions having 
different properties, namely: into those which dissolve in water to give 
clear solutions and those which give turbid suspensions and can be centri- 
fuged. The separation can be accomplished by Fractional precipitation j 
by electrodialysis and by rapid centrifuging. The following illustrations 
may be cited: 

From a commercial glycogen whose mean molecular weight they deter- 
mined osmotically as 280,000 Staudinger and Husemann (70) obtained a 
cloudy, soluble fraction of molecular weight 800,000 by fractional pre- 
cipitation of the aqueous solution with methyl alcohol. 

Glycogen prepared by Pfliiger's method can be divided into fractions of 
varying solubility by electrodialysis, according to Samec (61). As ex- 
plained previously, we applied this method to our refined glycogen. The 
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three fractions thus obtained retained their characteristics even after 
repeated precipitations. Fraction I gave a clear solution in water, Frac- 
tion II a turbid solution and Fraction III a suspension which could 
be centrifuged. The insoluble Fraction III dissolved in dilute sodium 
hydroxide. The solutions clouded up again on addition of acid. Chloral 
hydrate also brought about solution. In the cloudy solutions very large 
micells consisting of many single molecules were obviously present. 

As will be seen further on, the viscosities of the acetates of the three 
fractions are different. This leads to the inference that they have different 
high molecular weights. The higher molecular fractions tend to associate 
and form very la^e supermolecular particles as the phenomena described 
above indicate. The high molecular, carefully prepared glycogen can be 
separated not only by electrodialysis but even by rapid centrifuging. 

IV. The Molecular Weight 

L Osmotic Measurements in Water 

Aqueous solutions of glycogen contain molecular aggregates, as ex- 
plained above. This behavior is exhibited also by aqueous solutions of 
amylose or of starch (30). Measurement of the osmotic pressure of 
aqueous solutions can give no information, therefore, about the weights of 
individual molecules. 

On addition of alkali the solution clears up; yet the measured osmotic 
pressure oi such solutions or of solutions in mixed solvents cannot be 
evaluated in any conclusive way. Indeed, the results obtained with any 
aqueous solution are never unequivocal but are highly inconsistent. Oakley 
and Young (48), using Oakley\s high-pressure osmometer, measured the 
osmotic pressure in water and in 0.1 A calcium chloride solution of glycogen 
from rabbit liver, prepared according to Pfluger (55) or according to Bell 
and Young (5). The pressure in water was two to four times as high as it 
was in the salt solution, the former corresponding to a molecular weight 
of about 700,000 and the latter to a molecular weight of about 2 X 10®. 
This difference can readily be explained by micell formation (association) 
under the salting-out influence of the calcium chloride. The authors, 
however, attributed it to ions; in water these unite, in consequence of the 
Donnan effect, to produce a higher pressure, whereas in s^lt solution the 
Donnan effect is repressed. If this was really the case, the glycogen used 
must have contained foreign, ionizable colloids. Staudinger and Huse- 
mann (70), using the relatively lower molecular weight commercial glyco- 
gen, which is probably broken down during manufacture, were unable to 
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detect any difference in the m6lecular weight (280,000) measured os- 
motically in water and in 0.1 iV CaCl 2 solution. In formamide also the 
same molecular weight was obtained. Moreover, the acetylated product 
showed a corresponding weight (483,000) in chloroform. Again, in the 
decomposition products obtained upon acid hydrolysis they found agree- 
ment of weight in various solvents and among various derivatives. These 
results, however, reveal no information as to the condition of natural 
glycogen solutions where the question is one of considerably decomposed 
substances in which, obviously, the micell formation characteristic of 
glycogen in water falls off. 

Oakley and Young have also measured the osmotic pressure of methyl- 
ated glycogen from rabbit liver (methoxy content 45.1%) in 0.1 AT calcium 
chloride solution and in benzene. They found molecular weights of 1.3 X 
10® in calcium chloride and of 3.4 X 10® in benzene. Neither the salt 
solution nor benzene, in which substances having polar groups ( — OH or 
even — OCH3) associate, are free from objections, however, as solvents for 
such determinations. 

2. Osmotic Measurements on Glycogen Derivatives 

As a unique m(‘thod free from objection there remains the conversion of 
glycogen into derivatives of the same degree of polymerization and the 
measurement of osmotic pressure in such solvents as solvate the groups of 
derivatives. As soluble derivatives the acetyl and the methyl compounds 
come under consideration. They can be prepared easily without de- 
composition. Methylation, which is conducted in an alkaline medium, 
however, must be accomplished with strictest exclusion of oxygen if 
decomposition is to be avoided. Carter and Record (8) investigated 
methylated and acetylated glycogens of various origins in a number of 
organic solvents (CH3CI, CCb, CH3NO2) and obtained values of 273,000 
and 830,000 for the methylated products in chloroform. The acetylated 
products, also measured in chloroform, gave values of 1.9 X 10® to 3.6 X 
10®. The disparity between these two sets of values may be traced back 
to a breakdown during methylation. 

Van der Wyk and Jcanloz (77) found for an acetyl glycogen prepared with 
(exceptional care and examined in benzyl alcohol a lower limiting molecular 
weight of about 5 X 10®. The derivative had been made from the readily 
soluble Fraction I of muscle gly(*ogen by treatment with pyridine-acetic 
anhydride. The less-soluble fractions tended to show molecular weights 
considerably higher still. Benzyl alcohol was selected as the solvent 
because it contains polar as well as apolar groups, so that it can solvate 
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both kinds of groups of the dispersed material. Micell formation, which 
is due principally to a closing up of polar groups in apolar solvents or of 
apolar groups in polar solvents, is thereby prevented. 

From all the recorded observations it appears that undecomposed 
glycogen of various origins possesses a molecular weight in excess of four 
million. The difficultly soluble fractions very probably have weights 
amounting to several times this figure. 

V. The Shape and Size of the Glycogen Molecule 

1 . Osmotic Phenomena and Molecular Shape 

It is a well-kncpwn characteristic of very dilute solutions that the mag- 
nitudes of certain properties such as osmotic pressure and viscosity are 
proportional to the concentration of the solute. These relationships are 
explained by the circumstance that the dissolved particles are com- 
pletely saturated with solvent so that mutual effects among the particles 
themselves do not occur. This condition would be strictly fulfilled only 
at zero concentration, for at any finite concentration a certain proportion 
of solute molecules are not surrounded solely by solvent molecules but may 
encounter other solute molecules. 

Without elaborating upon steric considerations at this time, it is clear 
that the probability of collision in a dilute suspension of spherical particles 
should be much less than it would be in a suspension of the same con- 
centration of fibrous molecules. We find, therefore, in solutions of high 
polymers with compact molecules conditions similar to those prevailing 
in solutions of lower molecular compounds. 

Until now, x-ray analysis of crystalline compounds, as well as examination 
by the ultracentrifuge, have indicated a compact, nonfibrous molecular 
structure for proteins. For example, from the osmotic pressure and the 
specific viscosity (40) of hemoglobin and many other proteins it can be 
recognized that the same simple relationships obtain here as among lower 
molecular compounds. Both the ir/c quotient (osmotic pressure/con- 
centration), also called the reduced osmotic pressure, and the r/gp/c quo- 
tient (specific viscosity /concentration) are constant up to several per cent. 

Chain polymers, on the other hand, with a fibrillar structure to their 
molecules, show considerable deviation from this simple behavior. These 
deviations depend upon the circumstance that filament-shape(^ molecules 
are not completely surrounded by solvent even in very dilute solution but 
are continually encountering other solute molecules (17). This goes 
without saying, if we recall that a fibrillar molecule must have far more 
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neighboring particles than a spherical particle would have and that the 
probability of such a molecule^s encountering parts of another dissolved 
chain molecule are correspondingly increased. Accordingly, we are able 
to draw inferences as to particle shape from behavior of the tt/c quotient. 



Fig. 1. — Reduced osmotic pressure (r/c) at 25 °C. x in 
mm. HjO; c in g. per 1. solution. 


Whereas certain compounds closely related chemically to the acetate of 
glycogen, e. g., the acetate of amylose or of cellulose, show this deviation 
from the normal van^t Hoff relationship, glycogen acetate does not do so; 
its tt/c ratio is practically constant. 

Figure 1 gives the x/c — c curves of methyl amylose, amylose acetate and glycogen 
acetate (Fraction I of mussel glycogen). Glycogen acetate evidently does not have a 
filament-like structure, whereas amylose acetate molecules deviate very considerably 
from the spherical form. 
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Staudinger and Husemann (70) had already noted the constancy of 
tt/c for partially decomposed glycogen in 1937 and from this as well as from 
its viscosimetric behavior had ascribed a spherical shape to the glycogen 
molecule. 


2. Viscosimetric Behavior and Molecular Weight 

As already explained, for solutions of spherical particles, the specific 
viscosity in the dilute range is proportional to the concentration. Chain 
polymers of high molecular weight, on the other hand, exhibit deviations 
from this proportionality even in highly dilute solutions. This distinction 
permits inferenceiJ^o be drawn regarding particle shape. Far more useful 
in this respect, however, are the absolute values of specific viscosity. For 
suspensions of spherical particles this property has definite, theoretically 
calculable values. Departures from sphericity cause the specific viscosity 
to exceed the theoretical value many-fold. For spherical molecules the 
shape does not change with the molecular weight; the specific viscosity 
should, therefore, be independent of the molecular weight. For chain 
polymers the deviation from sphericity increases with increasing molecular 
weight; hence a dependence of viscosity upon molecular weight is to be 
expected. From hydrodynamic considerations Einstein derived the fol- 
lowing relationship for a solution of spherical molecules whose size is very 
large compared with that of the solvent molecules: 

77,p. * 2.5^ 

where 

— Voiume of suspended particles 
Volume of suspension 

As is apparent from this equation, the viscosity is independent of the size 
of the molecules (molecular weight or molecular volume). Polymers of 
different high molecular weights should show equal viscosities at equal 
concentrations, provided their particles are spherical in shape. This is 
the case for glycogen, according to Staudinger and his co-workers (70, 71). 
For glycogen and glycogen derivatives of various molecular weights dis- 
solved in formamide, they found the following specific viscosities: 


Mol. wt. 

1 g. glyoogen/lOO cc. aoln. 

1 oc. glycogen/^00 cc. soln.* 

800,000 

0.086 

0.12 

280,000 

0.086 

0.12 

66,000 


0.12 


* The calculation of these values is based upon a density of 1.3 for glycogen. 
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A solution of spherical particles in a 1% solution (by volume) should 
have a specific viscosity of 0.025 according to the Einstein equation. The 
value four times this figure signifies, according to Staudinger, that the 
glycogen is surrounded by a solvate shell. Staudinger and Husemann (70) 
obtained values similar to those in the table for glycogen triacetate in 
chloroform. 

K. H. Meyer and Jeanloz (39) obtained the following specific viscosities 
for the acetates of the three glycogen fractions described earlier, all dis- 
solved in tetrachlorocthane: 


Fraction 

Mol. wt. 

1 R./lOO rc. 

2 g./lOO cc. 

4 g./lOO cc. 

1 cc./lOO cc.* 

I 

5 X 10« 

0.09 

0.19 

0.44 

0.12 

II 

>5 X 10* 

0.11 

0.24 

0.53 

0.14 

III 

»5 X 10* 

0.17 

0.36 

0.89 

0.22 


* The calculation of these values is based upon a density of 1.3 for glycogen. 


Accordingly, a dependence of viscosity upon molecular weight is evident 
in native glycogen, which signifies a deviation from spherical form. 

3. The Size of the Glycogen Molecule 

It may be assumed that the individual molecules of native glycogen 
exceed 100 A in each dimension; for, assuming a density of 1.3, spherical 
molecules having a molecular weight of 5 X 10® would have a diameter of 

250 A. 

VI. The Methods of Determining Constitution of Polysaccharides of 

the Starch Group 

1, Comparison between Glycogen and Starch 

The end product of hyd’olysis of glycogen is glucose. Attack by 
/3-amylase yields considera e amounts of maltose. Accordingly, the 
a-1,4 glucosidal linkage through which the two glucose units in maltose 
are united certainly occurs plentifully in the glycogen molecule also. The 
specific rotation of glycogen in water is a value similar to that of starch. 
From this it may be concluded that, just as in the case of starch, the union 
of glucose units is mainly or entirely a question of a-glucosidal linkages. 

Notwithstanding all its resemblances to starch, however, there are 
important differences between glycogen and the starch polysaccharides. 



120 


K. H. MEYER 


The color reaction with iodine is different. Furthermore, starch is 
crystalline, as x-ray analysis shows. It even solidifies from solution in 
crystalline form. Glycogen, on the contrary, is amorphous. Finally, 
as already explained, the osmotic and the viscosimetric behavior of the 
two substances differ. All these differences are due to constitutional 
dissimilarities which are explainable by methods that have proved reliable 
in starch chemistry. For that reason, they should be reported next. 

2, Methods of Determining Constitution by M ethylation and Cleavage 

The most imgg^rtant method for establishing the constitution of poly- 
saccharides is the one taken over from the chemistry of oligosaccharides, 
which consists of methylation followed by hydrolytic cleavage and sub- 
sequent study of the methylated monosaccharides. Those hydroxyl 
groups of a hexose residue which were united glucosidally with other 
residues in the polysaccharide do not methylate but remain in the split 
sugar as free hydroxyl groups. If, for example, 2,3,6 trimethylglucose 
is found, these units were bound in the 1 and 4 positions with other residues ; 
on the other hand, 2,3, 4, 6 tetramfethylglucose, in which all alcoholic 
hydroxyl groups are occupied, would only have been joined to the aldehyde 
group (atom 1) of another glucose unit; accordingly, it derives from a 
terminal group. The number of tetramethyl units divided by the total 
number of units indicates the proportion of terminal groups. Dimethyl- 
glucose, on the other hand, comes from units which were united to the 
aldehyde groups of two other sugars; hence, it derives from branch points 
or, alternatively, from incompletely methylated links of the chain. If 
n is the number of terminal groups per molecule, the molecule has n— 1 
branch points; in large, multi-branched molecules the terminal group 
content and the junction content are practically the same. If, in addition, 
one knows the degree of polymerization, P, from osmotic measurements, 
i, e.f the number of monomers per molecule, he can then discover from the 
terminal group content whether or not the molecule is branched. In un- 
branched chains the terminal group content equals 1/P. 

This method, therefore, furnishes information about terminal groups 
and branch points. For the characterization of various substances we 
propose to introduce the expression Degree of Branching j which will specify 
the number of branch points per total number of glucose units. 

Application of the foregoing method to the polysaccharide fractions 
obtained from starch by fractional extraction with warm water showed 
that most starches contain about 10% of an unbranched polysaccharide 
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with a-1 :4 glucosidal linkages; this is designated as amylose (K. H. Meyer, 
Bernfeld and Wertheim (35, 36)). ^ 


CM, OH CH.Om ch,oh ch,oh ch,oh 



Section of Amylose Chain. 


The amylose fraction can be split up into fractions having molecular 
weight between 10^* and 10® (34). The bulk of the starch, however — the 
paste-forming amylopectin — consists of a mixture of branched polysac- 
charides whose degree of branching is between 0.03 and 0.05. 

3. Establishment of Constitution by Enzymatic Breakdown 

l^he method of methylation reveals the degree of branching but does not 
indicate the arrangement of the branches. The clarification of this matter 
is aided by investigating the breakdown effected by 0-amylase, as K. H. 
Meyer and Bernfeld (31) showed. 

In consequence of the work of Ohlsson (49), Myrback (45), Hanes (18) 
and K. H. Meyer (31, 37), we know that the 0-amylase of grain splits 
maltose from the nonaldehydic end of starch polysaccharides. At the 
beginning of the enzyme action maltose forms almost immediately, while 
the high molecular weight of the starch is changed only negligibly. Amyl- 
ose, which consists of unbranched maltose chains, is completely broken 
down by amylase (Samec and Waldschmidt-Leit^ (62)). On the other 
hand, amylopectin, which is branched and contains branch linkages as 
well as 1,4 linkages — indeed, it contains 1,6 linkages besides, as Freuden- 
berg (15) has shown — is decomposed into a high molecular residue (residual 
dextrin). Accordingly,* one can assume, as Myrback (45) does, that the 
junctions are obstacles to enzymatic action. 

Thus, 0-amylase splits off only the exterior branches. From the 
number of resulting maltose units, which can easily be determined by any 
reduction method, one can discover what proportion of the glucose units 
occurred in the exterior branches. The branch points can now be attacked 
by another enzyme; by this time other branches are available consisting 
of glucose units in a-1,4 union, which again can be split off by 0-amylase 
until a junction once more obstructs the decomposition. In this manner 
one can obtain a very good insight into the architecture of the amylopectin 
moleciilc. 
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4- Qualitative Analysis with the Aid of the Iodine Color Reaction 

The color which a polysaccharide gives with iodine, as the following 
table shows, is dependent, first of all, upon the degree of branching. For 
the sake of better comparison the results obtained with glycogen and its 
residual dextrin are included. 


Substance 

Degree of branching 

Color reaction in iodine 

Amylose 

0 

Pure blue 

Amylopectin 

0.04 

TOue-violet 

Starch from rice gluten 

O.Of) 

Red-violet 

Itesidaial dextriiwfrom maize 

0.09 

Red 

Glycogen (Merck) 

0.09 

Rrown-red 

Ue.^idual dextrin from glycogen 

0 18 

Light brown 


iStrongly decomposed amyloSc^s obviously giv(‘ a n'd reaction also. A 
blue reaction, however, is found only among iinbranched or very slightly 
branched starch polysaccharides. If, therefore', a polysaccharide of this 
group gives a blue color with iodine, it is evidently \inbranched or very 
slightly branched. If it gives a red iodiiu^ reaction and is to be regarded 
as a high molecular substanc(* (mol(‘cuiar weight > 5000), its d(‘gree of 
branching is certainly greater than 0.04. 

These qualitative methods will play a role in the discussion of synthetic 
“glycogens'^ (see page 131). 

VII. Determination of the Constitution of Glycogen 

1 . Result of M ethylation and Cleavage 

Glycogen i)osses.ses a ramified structure, as was first recognized by 
Haworth, Hirst and Isherwood (21). They methylated glycogen with di- 
methyl sulfate in alkaline solution, hydrolyzed, converted the methyl 
sugar into the methyl glucoside and separated the mixture of glucosides 
by fractional distillation. No sharp separation of sugars is obtained by 
this method but the content in the several fractions of tetramethylglucoside, 
which could come only from the nonaldehydic terminal glucose units, and 
of trimethylglucoside can be determined from their refractive indices, for 
the r('fractive indices of tri- and tetramethylglucosides are known (Hirst 
and Young (24)). An example of such analysis is given in the following 
table : 
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METIiYLATED (iLYCOGEN (MeRCK's) — MeTHOXY CONTENT, 42% (38) 


l''i itc- 
tiou 

Hath tetnp., 

“ C. 

PrcHSure 
in nun. Hk 

Weight, Kin. 


Tetra- 

methyl- 

ulucose, 

/(I 

Woixht of 
totramethyl- 
kIucoho, gin. 

1 

95-98 

O.OI 

0.330 

1 4447 

98.4 

0.324 

2 

115-118 


0.130 

1 4499 

56.8 

0 073 

3 

123-128 


0.395 

1.4560 

8.0 

0.032 

4 

123-128 


0.335 

1.4570 



T) 

125-128 


0.500 

1 .4572 

i 


! 

130-135 


0.245 

1 . 4583 



7 

135-140 


0.520 

1 . 4586 



8 

140-150 


0.685 

1 4597 



9 

170-200 


1 .500 



• • . 

10 

Residue 


0 30 







4 940 



o7429~ 


Allowing for tlio losses vsuffered during the operations, the results indicate 
an end group eont(*nt of 9 it \% and a degree of branching of 0.09 ± 0.01. 

Hydrolysis also producers dimethyl glucose, which is derived from the 
branch points. Haworth, Hirst and Isherwood were able to obtain di- 
methyl tartaric acid from this dimethyl glucose by oxidation; this proved 
its constitution to be that of 2,3-dimethylglucose. 


O- 


HC; n 

Hc'jOCH, 

1 


O 2 

C-OOH 
IK*' OCH, 

lU’OCH:, 0 

1 

H(l -O 

Hc'= . 

n,(lon 

— 

^ 

H(’ -0(11, 

(■ -OOH 


The glucose residues from which this dimethyl glucose was deriv('d w(‘re 
therefore glucosidified in positions 4 and 6; hence the ^d)ranch^' occurs 
at position 6. Haworth, Hirst and Isherwood (21) concluded that all 
branches occurred at position 6 (see diagram). To be sure they left the 
question unsettled as to whether the union is really a true glucosidic linkage 
or, perhaps, a linkage of unknown kind. . Then in a lat(‘r paper (22) they 
adopted the opinion of other investigators that this is a case of true a-1 :6 
glucosidic linkage. 

The results of Haworth, Hirst and Isherwood did not, as yet, warrant 
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the positive exclusion of glucosidic linkages other than the a-l:4 and the 
a-1 : 6 linkages. For this purpose an investigation was necessary to show 
that the number of terminal groups (and therewith the number of branch 
points also) was equal to the number of 1,6 bonds. 

Shortly after Haworth, Hirst and Isherwood had done so, Staudinger 
and Husemann (70) also came out in favor of a ramified structure for 
glycogen. From the remarkably low viscosity of glycogen and its osmotic 
properties they concluded, as already noted in this account, that glycogen 
molecules have a spherical contour. This they explained constitutionally 
by extensive branching and that the glucose units of a principal chain 
containing up to 100 units should have all three hydroxyl groups united 
glucosidally witlHaranches consisting of 12 to 18 glucose units apiece. If 
this formula were correct, glucose would have to appear among the sugars 
split off from methylated glycogen, as Parnas (52) among others pointed 
out, and that is not the case. Neither can the formula be reconciled with 
the results of decomposition by /3-amylase. For these reasons the con- 
stitutional formula submitted by Staudinger and Husemann is unac- 
ceptable. 

According to Haworth and his co-workers (21, 22), glycogens can have 
varying proportions of terminal groups. That is, they are highly ramified 
but to different extents. Two different samples of rabbit liver contair^ed 
7% and 9% of terminal groups, respectively (degree of branching 0.07 and 
0.09). 

Claude Bernard (6) reported that long-dormant muscles yield a glycogen 
which is colored blue with iodine. This glycogen must, therefore, have a 
much less ramified constitution than ordinary glycogen (see page 122). 

2, Results of Enzymatic Breakdown 

Just as in the case of starch, one can obtain a deeper insight into the 
architecture of the glycogen molecule by decomposition with j3-amylase. 

Glycogen, like amylopectin, is broken down by /3-amylase to give 
maltose and a high molecular residual dextrin. The latter substance, 
according to K. H. Meyer and Fuld (38), still contains all terminal groups 
— the groups with free hydroxyls in 2,3, 4,6 positions — that were present 
in the original material. The glycogen used for this study (Merckxs) con- 
tained 9% of terminal groups, i. e., 1 terminal group for every 11 glucose 
units. By the action of /3-amylase 47% was broken down. The residual 
dextrin which resisted /S-amylase and was left behind, making up 53% of 
the glycogen, contained 18 terminal groups, i. e., 1 terminal group to every 
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5.5 glucose units. From this one can arrive at a conclusion about the 
disposition of the branch ends which were not attacked by /3-amylase. 
They must conform to one of the following four formulas, since each 
branch must still possess the end group. 



In the residual substance there are now 5.5 glucose units to 1 terminal 
group. Of these, 1.5 glucose units on the average form the end groups 
along with branch ends so that only 3 glucose units are left over for the 
interior of the chains. When the glycogen is intact, there is also exterior 
branches present containing 6 to 7 glucose units apiece (see Fig. 2). 

The residual substance (Residual dextrin I) of glycogen can now be at- 
tacked in the presence of phosphates by phosphorylase, which occurs in 
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the juice obtained on macerating yeast (see page 127); this leaves a 
second residue which can be freshly attacked by jS-amylase. The only 
explanation for this is that the branch points are fractured by the phos- 
phorylase, whereupon the chain fragments so exposed are no longer pro- 
tected against amylase (33). 

In the light of the foregoing presentation we can summarize the dif- 
ferences between glycogen and starch as follows: starch is a polymeric, 
homologous mixture of unbranched (amylose) and of branched (amylo- 
pectin) molecules. Glycogen contains only branched molecules of very 
high molecular weight. The degree of branching of amylopectin amounts 
at most to about 0.04 and that of glycogen at most to 0.09. The exterior 
branches of arnylopectin consist of 15 to 18 glucose units and the inner 



Fig. 2. — Structure of glycogen. A, aldehydic end. 
O, glucose units. 


parts of the chains lying between the branch points consist, on the average, 
of 8 to 9 glucose units. The outermost spurs of the glycogen molecule 
are 6 to 7 units long. In the interior between branch points there are 
short chain fragments averaging 3 glucose units. Hence, glycogen is 
much more compactly built. This structure explains the inability of 
glycogen to form primary valence chain lattices and accounts also for its 
viscosimetric and osmotic differences from starch. 


VIIL The Biological Breakdown 

L Breakdown in the Digestive Tract 

Glycogen which is taken in with nutriment is very probably broken 
down completely into glucose by the amylases of the saliva and the pan- 
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creas and also by glucosidases, e. g., the a-glucosidase of the intestines. 
Maltose, however, is not the exclusive intermediate product of decompo- 
sition, as has been incorrectly assumed. To be sure, maltose is found 
among the products of glycogen breakdown by pancreatic amylase but 
always mixed with oligosaccharides and with glucose. Determination of 
reducing power and of rotation are not sufficient for analysis, as Smits van 
Waesberghe (67), among others, emphasized. A mixture of maltose, re- 
ducing dextrins (tri- and tetrasaccharides) and a corresponding amount of 
glucose can exhibit the same reducing power and the same optical rotation 
as pure maltose. Dextrins, maltose and glucose must therefore be deter- 
mined separately. This is best accomplished by selective fermentation, 
for example, by the method described by Somogyi (69) as follows: at a 
pH of 8.4 only glucose is fermented by baker’s yeast; in unbuffered, 
neutral solution glucose and maltose are fermented. For estimation of 
the chain length of the dextrins remaining behind their reducing power 
before and after acid hydrolysis is determined. The quotient: 

Reducing p ower after hydrolysis 

Reducing power before hydrolysis 


gives the degree of polymerization (in this connection see K. H. Meyei 
and Bernfeld (32)). 


2, The Phosphorolysis of Glycogen 

The breakdown of glycogen which has been stored up in individual or- 
ganisms proceeds entirely differently. The first step is phosphorolysis, 
the reaction between glycogen and phosphate to yield hexose phosphates, 
which was discovered by Parnas (53) and has recently been studied in- 
tensively by epri (9-14), Kiessling (27), Schaffner (64) and others. The 
first transition product is the glucose-l-phosphoric acid ester discovered 
by Cori (9) : 
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Glycogen -f Phosphate Glucose-l-phosphate. 


Enzymes which catalyze this reaction are found in muscle, liver and 
other animal organ.^likewise in yeast and in many parts of higher plants. 
They are designated as phosphorylases. 

Cori (10) and his co-workers prepared phosphorylase from various 
muscles — from liver and brain by adsorption on aluminum hydroxide, 
elution with glycerophosphate buffer and precipitation by ammonium 
sulfate. These enzymes are not sufficient by themselves but require small 
amounts of adenylic acid as a coenzyme (11, 12, 13); on the other hand. 
Kiessling declares that adenylic acid is not necessary, inasmuch as enzyme 
preparations which have been freed of adenylic acid by dialysis are active. 
Cori interprets this apparent anomaly on the ground that the adenylic acid 
had not been removed quantitatively from Kiessling^s preparation by the 
dialysis. 

By repeated fractional precipitation with ammonium sulfate Kiessling 
obtained, both from rabbit muscle juice and from the juice resulting on 
maceration of yeast, proteins rich in phosphorylases and free from other 
enzymes; in particular, the extracts contained no phosphoglucomutase 
(see below). 

Hanes (19) found that phosphorylases occur in many parts of plants. 
An especially satisfactory material is the extract of potatoes; the phos- 
phorylase can be concentrated in it by fractional precipitation with am- 
monium sulfate. Green and Stumpf (16) succeeded in further enriching 
it to considerable extent. 

Adenylic acid does not seem to be necessary as a coenzyme for this 
phosphorylase. All these phosphorylases attack starches as well as 
glycogen. In amylopectin, just as in glycogen, however, there are both 
a-1,4 and a-1,6 bonds to loosen, so that the question presents itself 
whether there are two different phosphorylases which are specific for 1,4 
and 1,6 bonds, respectively. This can be decided by the action of the 
enzyme upon residual dextrin (obtained from amylopectin or glycogen 
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by decomposition with jS-amylase), since it applies to the terminal groups 
which are represented in the formula on page 125. If the terminal groups 
which are linked in part by 1,6 bonds are broken off by phosphorylytic 
decomposition, then branches will be exposed to further attack by j8- 
amylase. If the a- 1,6 bonds are not attacked, the dextrin will continue 
to resist /S-amylase. 

Phosphorylase from potatoes is unable to loosen 1,6 bonds, as K. H. 
Meyer and Bernfeld (33) found. This is a 1,4 phosphorylase. On the 
other hand, the phosphorylase from yeast can loosen both 1,4 and 1,6 
bonds; undoubtedly it is a mixture of a 1,4 and a 1,6 phosphorylase. 

Muscle certainly contains a 1,4 and a 1,6 phosphorylase. It will be 
shown later that both enzymes were present in the Kiessling preparation 
from muscle, whereas the purified preparation of Cori consisted only of 
1,4 phosphorylase. The stability of residual dextrin toward 1,4 phosphoryl- 
ase shows, above all, that the enzyme attacks the nonaldehydic end and 
not, for example, the middle. Its action is similar to that of /3-amylase. 

3. The Phosphorolysis Equilibrium and the Enzymatic Synthesis of 

Polysaccharides 

That the reaction Glycogen + Phosphate ^ Glucose-l-phosphate is 
reversible and that from it one can obtain synthetic polysaccharides of the 
glycogen type was first shown by Schaffner and Specht (64) in a qualitative 
investigation. Directly afterward this reaction was studied more care- 
fully by Kiessling (27) and by Cori and Hanes (19, 20). Kiessling obtained 
a suspension of the equilibrium: Glycogen + Phosphate Glucose-1- 
phosphate with the two aforementioned protein fractions from muscle and 
yeast. Although three reactants are present in the equilibrium mixture, 
only the concentrations of the phosphate and of the glucose-l-phosphate 
enter into the equation: 

Inorganic phosphate 
Glucose-l-phosphate “ “ ’ 

Cories ester can also be converted in the absence of glycogen and phosphate 
to the extent of 84% (a more recent study by Cori (73) makes it 77%). 
Calorimetric determinations by Kiessling showed that the reaction is 
exothermic in the direction of glycogen formation, yielding 1100 calories 
per mol of glucose phosphate. Using potato phosphorylase, Hanes gives 
the constant for the reversible reaction as 6. 

Inorganic phosphate ^ ^ 

Glucose-l-phosphate 
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From glucose-l“phosphate one can obtain a suspension of equilibrium 
and therewith the conversion of the bulk of glucose-l-phosphate into 
polysaccharides by addition of phosphorylase. The reaction has an auto- 
catalytic character in this direction; it is catalyzed by polysaccharides, 
starch or glycogen (1,4). For the determination of enzyme activity it 
is necessary to suppress the period of induction by addition of a little 
starch or glycogen. 

The polysaccharides obtained synthetically from glucose-l-phosphate 
have been isolated and investigated carefully. The one best characterized 
is the polysaccharide obtained by Hanes from potato extract by means of 
1,4 phosphorylase. It exhibits all the properties of amylose; it is com- 
pletely broken dowfTl^y ^-amylase (Hanes (20)), it shows the same x-ray 
diagram (Astbury, Bell and Hanes (2)) and it gives a pure blue color re- 
action with iodine. It consists, therefore, of an unbranched chain (amylose) . 

The polysaccharide obtained by Cori (4) from purified muscle phos- 
phorylase has similar properties. It resembles amylose in the iodine re- 
action and the x-ray diagram. On the other hand. Kiessling obtained a 
product from his muscle enzyme having the properties of glycogen. We 
attribute the difference in the results obtained by both investigators to 
the circumstance that Cori employed pure 1,4 phosphorylase and Kiessling 
a mixture of 1,4 and 1,6 phos])horylasc. 

Cori (4) got a glycogen-like product from liver phosphorylase. The 
substance gave an amorphous x-ray diagram and a red-brown reaction 
with iodine. 

4 . The Breakdown of Glucose- 1 -Phosphate in the Liver 

In the breakdown of glycogen in the liver the reaction does not stop with 
glucose-l-phosphate; th^ latter is split up into glucose and phosphoric 
acid by a phosphatase which occurs in the liver. By addition of fluoride, 
the phosphatase can be poisoned. Then the autolysis of the glycogen 
stops with glucose-l-phosphate, even in unfractionated liver pulp (Ostern 
and Holmes (50)). Whether, along with the phosphorolysis, a direct 
hydrolysis of the glycogen in liver also takes place does not yet seem to be 
definitely decided. 

5. The Breakdown of Glucose- 1 -Phosphate in Muscle and in Yeast; Glyco- 

genolysis 

On undergoing decomposition in muscle the glucose-l-phosphate is re- 
arranged into glucose-6-phosphate (Robison ester) by an enzyme, phos- 
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phoglucomutase, discovered by Cori (9, 11, 12). The reaction reaches 
equilibrium with 6% glucose-l-phosphate and 94% glucose-6-phosphate. 
The same rearrangement occurs also in yeast juice. Other reactions of 
glycogenolysis, i, #?., the transformation of glycogen into lactic acid (in 
muscle) and into alcohol (in yeast) will not be dealt with individually here. 
The following table is inserted for information : 

The Reactions of Glycogenolysis 

(For a complete presentation see (47) and (25)) 

Glycogen + Phosphate 77% ;=i Glucose-1 -phosphate 23% 

Glucose- 1 -phosphate 6% Glucose-6-phosphate 94% 

Gluco8e-6-phosphate Fructose-G-phosphate 15% (28) 

Fructose-6-phosphate -h Adenosin triphosphate Fructose- 1-6-diphosphate -f Adeno- 
sin diphosphate (51) 

Fructose- 1 -6-diphosphate Glyceric aldehyde-3-phosphate -f- dioxyacetone-1 -phosphate 

Dioxyacetone-1 -phosphate Glyceric aldehyde-3-phosphate (42) 

Glyceric aldehyde-l-phosphate -f- Phosphate Glyceric aldehyde- l-3-dipho8phate (43) 
Glyceric aldehyde-l-3-diphosphate -f Codehydrase — ► Glyceric acid- 1 -3-diphosphate -f 
Adenosin triphosphate (44) 

Glyceric acid-3-phosphate Glyceric acid-2-pho8phate (29) 

Glyceric acid-2-phosphate Pyruvic acid-2- (erol) phosphate (54) 

Pyruvic acid-2-phosphate + Adenosin diphosphate —► Pyruvic acid -f- Adenosin tri- 
phosphate (3) 

(o) Muscle: Pyruvic acid -f Dihydrocodehydrase Lactic acid -}- Codehydrase 
(6) Yeast: Pyruvic acid — ► Acetaldehyde -f- CO 2 

Acetaldehyde -f Dihydrocozymase — ► Alcohol -f Cozymase 

6, Biological Synthesis of Glycogen 

The storage of glucose as glycogen, i. e., the reaction: 

Glucose — ► Glycogen -f Water (14a) 

cannot proceed without additional supply of free energy. That is to say, 
it requires coupling with a second energy-supplying reaction, since the 
equilibrium in presence of water favors the glucose formation almost 
exclusively. This suggests the assumption that the progenitor of glycogen 
formation is glucose- 1-phosphate which can yield glycogen in a reaction 
proceeding spontaneously. There has been no success as yet, however, in 
attempts to obtain glucose-l-phosphate directly by an enzymatic reaction 
from glucose and one of the phosphorus donors which form in the course 
of sugar decomposition, for the phosphorus donors, such as diphospho- 
glyceric acid, phosphorylate glucose in the 6 position. However, the 
glucose-6-phosphate can rearrange itself into glucose-l-phosphate to a 
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certain percentage under the influence of phosphoglucomutase (see p. 130). 
If this is transformed into glycogen and the equilibrium is thereby de- 
stroyed, additional 6, phosphate can rearrange into 1, phosphate. The 
energy-supplying reaction with which the storing up of glucose is coupled 
may, therefore, be the dehydrogenation of diphosphoglyceric aldehyde to 
give diphosphoglyceric acid ; part of the sugar is broken down by oxidation 
so as to supply the energy for storing up the preponderance of the sugar. 

IX. The State of Glycogen in the Organs 

L Glycogen and Albumin 

Glycogen reacts in some way with many dissolved proteins in aqueous 
solution, for an extract of organs which contains glycogen and has not been 
freed of albumin is not broken down either by the a-amylase of Asper- 
gillus (takadiastase) (Tsai (75)) or by /3-amylase (K. H. Meyer and Press 
(41)). Only when the albumin has been precipitated, e. g., by tungstic 
acid, is the glycogen attacked. 

If glycogen or starch is added to a weakly alkaline solution of myosin, 
the opalescence is intensified — a sign that the particles have become 
coarser. Then, on neutralization, the precipitated protein carries down a 
considerable amount of carbohydrate with it. Przylecki (57) believes 
that myosin and starch form a compound of fairly constant composition 
containing 20% starch. On the other hand, no constant value is obtained 
in the case of glycogen. 

2. The State of Glycogen in the Organs 

The question whether glycogen in the native state is combined with 
albumin has often been debated. In our opinion the evidence discussed 
in the foregoing is not suflicient to settle the matter. According to the 
results re})orted on page 126, a union by primary valences can be regarded 
as out of the question. On the other hand, the glycogen stored in the 
organ and the surrounding albumin may turn out to exert some kind of 
valence force upon each other. At best, therefore, one can only consider 
whether or not Przylecki may speak of a specific combination — a symplex. 
It has already been shown in earlier papers that by a single extraction of 
muscle o)’ liver pulp with hot water only a part of the glycogen goes into 
solution. Pfltiger attributed this to a partial surrounding of the glycogen 
by coagulated albumin. 

WillstMter and Rohdewald (76) are of the opinion that the insolubility 
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of part of the glycogen is due to a combination with protein. They call 
tlie bound glycogen desmoglycogen and the unbound, extractable glycogen 
lyoglycogen. They find that the proportion of glycogen in the lyo- form 
depends upon how well fed the animal is. The richer in glycogen the 
greater tlie proportion of lyoglycogen. Goose livers with 4 to 8% glycogen 
contained 90 to 99% of it as lyoglycogen. Livers which were low in 
glycogen, containing 0.53 to 1.25%, had only 12 to 50% of it as lyo- and 
88 to 50% as desmoglycogen. The distinction between the “lyo^^ and 
“desmo^^ forms is, moreover, somewhat arbitrary. For example, the 
manner of extracting plays an important role. 

It is our opinion that in evaluating these investigations it is especially 
important to keep in mind the fact that glycogen itself occurs in different 
degrees of polymerization with different solubilities. The “desmoglyco- 
gen*’ seems to us to be nothing else than the high-polymeric fraction of 
glycogen which is insoluble in water and soluble in alkali. From the 
WillstMter-Rohdewald research it would then follow that organs rich in 
glycogen contain a large proportion of the lower-polymeric glycogen. 
With regard to the question of how the glycogen is bound, we hold the same 
opinion as that expressed by Pfliiger in his book in 1901, namely, that 
there are no grounds for assuming a union between glycogen and albumin 
in the organs, as the variable solubility of the glycogen is enough in itself 
to explain the phenomena but that the possibility of such a union cannot 
be excluded with certainty. 


I am deeply indebted to Miss M. Fuld and to Mr. R. Jeanioz for their very helpful 
collaboration. 
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I. Introduction 

Verdoperoxidase (V.P.O.) is a ferment that has been isoIat(*d from 
leucocytes. It is green in color and catalyzes peroxidatic reactions. 

The occurrence in leucocytes of a substance that catalyzes what have 
sometimes been supposed to be peroxidatic, and sometimes oxidatic, 
reactions, has been known ever since Klcbs in 1868 (1) and Struve in 1872 
(2) showed that guaiac tincture takes on a blue^ color in the presence of pus. 
In 1899 Achalme (3) observed that the formation of indophenol blue from a 
mixture of a-naphthol and diethyl-paraphenylenediamine (the Nadi 
reagent) was hastened. 

The effect of the active substance was shown, not only in pus, but also in leucocyte- 
rich tissues by Brandenburg in 1900 (4) and Meyer in 1903 (5). Bone marrow and 
blood from patients with myeloic leucemia, in contradistinction to organs ^uch as lymph 
glands, thymus and spleen, showed a positive reaction. By the extraction of pus both 
these authors obtained active preparations, and Meyer demonstrated that the activity 
accompanied the fractions that were precipitable with alcohol and ammonium sulfate. 
Despite these procedures, Meyer did not observe the characteristically colored verdo- 
peroxidase that almost certainly must have existed in his preparations. As will be shown 
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later, V.P.O. in pus and similar material is bound to substances that ‘^conceal” the 
verdoperoxidase color — substances that he was unable to remove. 

In 1907 Winkler (6) showed that on staining with Nadi reagent small blue grains were 
deposited in the cytoplasm in myeloic cells, whereas other cells, such as lymphocytes, 
for example, were not stained. This staining, like certain others, such as the method 
of staining with benzidine and hydrogen peroxide described by Fischel in 1910 (7), has 
been of great importance in morphological studies of white blood corpuscles for ascer- 
taining whether existing cells are to be classified as myeloic forms (“oxidase-positive^^) or 
not. 

Whether the activating substance in leucocytes is to be regarded as an oxidase or as a 
peroxidase has not been definitely shown. It has, as a rule, been given as an oxidase. 
As early as 1898, however, Linossier (8) showed that a staining reaction with guaiaci 
resina and similar chromogens in the presence of pus took place only when the reagent 
contained hydrogin peroxide or else on addition of the same. The reaction was accord- 
ingly peroxidatic. When staining leucocytes with Nadi reagent hydrogen peroxide is not 
added. Hydrogen peroxide is, however, formed in the reagent by autoxidation. An 
addition of catalase to the reagent before the staining prevents the formation of indo- 
phenol blue (Agner, 1941 (9)). Thus, this reaction also is to be regarded as peroxidatic, 
and the active substance should be described as a peroxidase. 


The isolation of this ferment and a description of certain of its properties 
have recently been given (Agner, 1941 (9)). The substance obtained has 
been isolated from empyemic fluid, from leucocytes taken from a patient 
with myeloic leucemia, and has also been shown in chloro-leucemic in- 
filtrates. It is green in color and has a peroxidase effect. Because of its 
characteristic color it has been named verdoperoxidase to distinguish it 
from other peroxidases. 

11. The Preparation of Verdoperoxidase 

The material for the preparation of V.P.O. has consisted of empyemic 
fluid from tuberculous patients. The empyemic fluid has a greenish gray 
appearance and examination with the spectroscope shows absorption 
bands at 625 and 580 mfx; after reduction one observes two sharp absorp- 
tion bands at 637 and 559 m/i. The empyemic fluid has a strong peroxi- 
dase effect. In a substance like empyemic fluid one finds the substances 
that cause the typical absorption bands and the peroxidase effect both in 
the cells and in the fluid surrounding these. The verdoperoxidase is bound 
to the leucocytes and is probably released on the disintegration of the 
structures; it can then be demonstrated also in the fluid surrounding the 
cells. In cell-free pleural exudate, on the other hand, no absorption bands 
can be shown. 

That V.P.O. is not merely a conversion product of hemoglobin or similar 
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substance is proved by the fact that it has been possible to prepare the 
ferment from leucocytes in a case of myeloic leucemia. 

The method of preparation that has so far given the best result is de- 
scribed below. 


First Step: Preparation m a Layer Between Ether and Ammonium Sulfate 

Solution 

To one volume of empyemic fluid add two volumes of distilled water and one volume 
of ether. Shake the mixture. Add 400 gm. of ammonium sulfate per 1000 ml. of mix- 
ture and centrifuge the solution. A yellow-colored ether layer is obtained on the top, 
and under this a relatively solid “cake,” while at the bottom there is a clear, color- 
less solution. Suck off the ether and w'ater phases and dissolve the middle layer in 
water. 

The resulting solution is very viscous and has a greenish gray appearance. 


Second Step: Purificaiion with Barium Acetate 

Add to the above-mentioned solution an amount of saturated barium acetate solution 
determined by preliminary experiments, upoii which large, white, heavy flakes are pre- 
cipitated. The suitable amount of barium acetate must be ascertained by a prelimi- 
nary test in every preparation. Too much barium acetate must not be added, or the 
solution will become opalescent after (centrifugation. 

After this precipitation with barium the solution is c^uite clear, and has a relatively 
strong, beautiful green coloring. It may seem somewhat strange to add barium salts 
to a solution containing sulfate. In this case, however, it has pioved very practical. 
The substances that “conceal” the color of V.P.O. and give rise to the high viscosity in 
the solution are removed. This precipitation facilitates the subsequent steps in the work 
of preparation. 


Third Step: Precipitation with Alcohol 

Add to the solution an equal volume of 95% ethyl alcohol. After strong centrifuga- 
tion a w'hite deposit (3 A) is obtained. Add to the supernatant yellow green liquid a 
further amount of ethyl alcohol so that the concentration of ethyl alcohol becomes 
65 vol. %. Dissolve the strongly green-colored precipitate (3 B) in water. The 
mother liquid (3 C) , which is red in color, is evaporated and dialyzed at a low tempera- 
ture. 


Fourth Step: Ammonium Sulfate Precipitation 

Add an equal volume of saturated ammonium sulfate solution to the solution (3 B). 
An almost colorless precipitate (4 A) is formed. Centrifuge. By adding a further 
amount of ammonium sulfate to make the degree of saturation equal 0.65, one obtains 
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a green precipitate (4 B). The ammonium sulfate concentration is increased in the 
mother liquid to 80-90%, upon which a reddish brown precipitate (4 C) appears. 

Fifth Step: Ammonium Sulfate-Barium Acetate Treatment 

The green-colored precipitate (4 B) is dissolved in water and barium acetate is added. 
Repeated precipitations of V.P.O. with ammonium sulfate accompanied by additions 
of barium acetate are carried out. This treatment results in the removal of substances 
that are bound to V.P.O. The V.P.O. preparation is dialyzed against distilled water. 
If in this connection a precipitate containing V.P.O. appears, it is centrifuged from the 
soluble part of the preparation. The precipitated fraction is dissolved in 1% sodium 
chloride solution and subjected to renewed ammonium sulfate-barium acetate treat- 
ments. 


Sixth Step: Electrophoresis 

The part of the ferment that is soluble in distilled water is subjected to electrophoresis 
in phosphate buffers, pH 6.8, ionic strength 0.1, 0® C. The fraction that moves to the 
positive pole with an electrophoretic mobility of 2.0 X 10“® cm.* X volt"^ X sec."' is 
isolated. 

The reduced form of V.P.O. has a strong absorption band at 637 mtx (page 141). The 
yield of ferment in connection with the preparations is determined by absorption meas- 
urements at this wave length both before and after reduction. The difference between 
the absorption coefficients for the oxidized and reduced forms of the preparation in the 
purest state amounts to a value of 2.45 X 10^ cm.* per gram-atom of ferment-bound iron 
in 1 ml. of solution. 

The following is a survey of the method for the preparation together with data con- 
cerning the yield in connection with a preparation carried out by the author. 

1. 850 ml. of empyemic fluid -I- 1500 ml. of distilled water -f- 850 ml. of ether -f 
1200 gm. of anmonium sulfate. The preparation contained 7.2 X 10"* gram-atoms of 
ferment-bound iron, corresponding to about 400 mg. of pure V.P.O. 

2. Addition of barium acetate: 6.3 X 10~® gram-atoms of ferment iron. Yield, 

88 %. 

3. Precipitation with ethyl alcohol: 

A. 45%: colorless precipitate; 

B. 65%: green precipitate. 4.4 X 10"* gram-atoms of ferment iron. Yield, 

- 70%. 

C. Red mother liquid, which is evaporated to small volume. 

4. The precipitate 3 B is dissolved in water and precipitated with ammonium sulfate: 

A. 50% saturation: colorless precipitate; 

B. 65% saturation: green precipitate. 3.7 X 10~* gram-atoms of ferment iron. 

Yield, 84%. , 

C. 80-90% saturation: red precipitate. 

5. Precipitate 4 B is dissolved in water and treated with ammonium sulfate and 
barium acetate until a preparation soluble in distilled water is obtained. 

6. Electrophoresis. Phosphate buffer: pH 6.8; ionic strength 0.1; temp. 0® C. 
The fraction with positive charge consists of a green substance « V.P.O. 

The total quantity of material purified in this way was 140 mg., corresponding to 2.5 X 
10~* gram-atoms of ferment iron; 35% of the original amount was obtained in yield. 
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Besides V.P.O. two other colored substances were isolated in the course 
of the preparation, one red substance in solution (3 C) and a reddish brown 
precipitate (4 C). These substances have not yet been investigated in 
detail. 

The first-mentioned substance has absorption bands at 625 and 538 
m/u, after reduction a very sharp a-band at 559 and a less sharply defined 
/3-band at 529 m/z. These characteristics are distinguishing features of 
parahematins and hemochromogens, and the ferment is probably to be 
classified under the group of the b-cytochromes. The other substance is 
brownish red in color, and has an absorption band at 495 m^. Its prop- 
erties and possible functions have not been investigated. 

III. Spectroscopic Investigations and Light Absorption 

Verdoperoxidase in solution has in the oxidized form a brownish green 
color and shows absorption bands in the visible part of the spectrum at 
690, 625, 570 and (500) m/i, as w^ell as end absorption from 465 m^. On 
reduction the color turns bright green and absorption bands are observed 
at 637 and 475 mpi. 

V.P.O, forms a peroxide compound with hydrogen peroxide. The 
color of this peroxide compound resembles that of reduced V.P.O. absorp- 
tion band at 625 m/x. This compound is instable and gradually disinte- 
grates, with liberation of the V.P.O. in the oxidized form. The peroxide 
compound oxidizes certain substances, e, g., hydroquinone, when the V.P.O. 
itself changes to the normal ferri-form. 

With hydrogen cyanide, hydroxylamine and azide, V.P.O. forms com- 
pounds, and these sho^v the characteristic absorption bands given in the 
table below. It may here be mentioned that it is the oxidized form that 
reacts with hydrogen cyanide and hydroxylamine, while azide seems to 
form a compound with reduced V.P.O. 

Carbon monoxide and fluoride do not give spectroscopically observable 
compounds. 

Survey of the Spectroscopic Results 

V.P.O.ox. 690, 625, 570 (500) him 

V.P.O.red. 637, 475 m/u 

V.P.O.OX. +H,02 625 rriM 

V.P.O.OX. 4-HCN 634, 458 mtx 

V.P.O.OX -f H,NOH 628, 460 him 

V.P.O.red. +NaN, 615, 460 mti 

V.P.O.ox., red. -bNaF As V.P.O •ox., red. 

V.P.O.oi..red. +CO As V.P.O.o*..red. 
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Figure 1 shows spectra for oxidized and reduced V.P.O. measured with a photoelectric 
apparatus essentially according to Warburg and Negelein (10). 

Absorption bands at 430 m/x for the oxidized and at 475 m/x for the 
reduced form are characteristic for porphyrins and are found in the ab- 
sorption curves for all examined substances containing iron-porphyrin 
groups. The absorption coefficient 16.1 X 10^ cm.Vgrani-atom of iron is 



m/t 


Fig. 1. — Spectra of oxidized and- reduced verdoperoxidase 
preparation ( Agner, 1941). 

The absorption coefficient was calculated from the formula 

0 ^In - cm.*/gr.-atom of iron 

led 

lo represents the intensity of the incident light and I the in- 
tensity of the transmitted light. 
d =* the layer thickness in cm, 
c = gram-atojns Fe/ml. 

, oxidized V.P.O, 

^ reduced V.P.O. 

of the same order of magnitude as for the Soret’s band of other hemin 
catalysts. This circumstance constitutes one of the supporting facts for 
the assumption that the prosthetic group in V.P.O. is an iron-porphyrin 
compound. 

IV. Analysis of Verdoperoxidase 

The preparation of V.P.O. purified in the above-described manner 
proved on cataphoresis at pH 6.8, 8.5 and 10.6 to be conipletely homo- 
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geneous, which favors the assumption that the preparation is in a pure or 
almost pure state. 

The nitrogen content for this V.P.O. preparation was 17.15% and the 
iron content 0.1%, which value corresponds to 1.8 X 10“* gram-atoms 
per gram of preparation. Besides iron, the preparation contained 0.001% 
of copper. 

The concentration of the group that on reduction changed the color of 
the V.P.O. and gave rise to the changes in position and size of the absorp- 
tion bands, was determined by anaerobic titration with hydrosulfite 
solution. Hydrosulfite solution was added in determined quantities to a 
solution of V.P.O. in the oxidized state and the change in the absorption 
at 637 m/Li was measured with the aid of the photoelectric apparatus. 
The change was in an even proportion to the addition of hydrosulfite up to 
the amount at which all the V.P.O. had been reduced. The hydrosulfite 
added was compared with an amount that was used up for the reduction of a 
definite quantity of ferri-salt. From this result was calculated the amount 
expressed in gram-atoms that had been reduced. The value was 1.97 X 
10“* gram-atoms per gram of dry substance. This value is in close con- 
formity with the value for the iron content 1.8 X 10"*, which makes it 
probable that iron is contained in the color-conditioning group. 

The absorption measurements have shown that porphyrin probably 
enters into the prosthetic group; and in the light of the analyses mentioned 
above it is likely that it consists of iron-porphyrin compounds. 

Hemoglobin and protohemin catalyzers, e. g., catalase and peroxidase, 
are split by acetone containing hydrochloric acid into protein component 
and hemin. A similar splitting off of iron-porphyrin groups from V.P.O. 
is not possible. Nor has the prosthetic group yet been isolated in any 
other way. After investigations by Haurowitz (11) sulfhemoglobin has 
been described as a green-colored substance which in contradistinction to 
hemoglobin, cannot be split with acetone -hydrochloric acid into protein 
and prosthetic groups. V.P.O. has thus in this respect certain properties 
that remind one of sulfhemoglobin. It is also impossible to split cyto- 
chrome c with acetone-HCl, which in this case is due to additive bindings 
of cystein-SH to the vinyl groups (Theorell (12)). 

V. The Activity of Verdoperoxidase 

The isolated green-colored substance has been examined as to its capa- 
,city to act as an oxidase, catalase and peroxidase, respectively. Hydro- 
quinone, paraphenylenediaminc and ascorbic acid are not oxidized in the 
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absence of hydrogen peroxide; on addition of the same, however, a rela- 
tively rapid oxidation took place. The catalase effect of the ferment was 
extremely slight. 

Like peroxidase from horseradish (Theorell and Sw^din (13a, b)) 
V.P.O. acts as a dihydroxymaleic acid oxidase. TheorelFs explanation of 
this is that dihydroxymaleic acid oxidase is not to be considered as an 
oxidase in the strict sense, and that the oxidation of dihydroxymaleic acid 
is to be regarded as a reaction in which hydrogen peroxide is formed in 

intermediate reactions. In this connection 
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peroxidase has a catalyzing effect. 

Substances that are easily oxidized in the 
reaction catalyzed by the ferment are cate- 
chol, pyrogallol, hydroquinone, paraphenyl- 
enediamine and ascorbic acid. Less easily 
oxidized are resorcinol and benzidine, while 
phenol, tyrosin and ethyl alcohol are not 
oxidized. 

For quantitative determinations of the 
activity of peroxidase preparations the 
colorimetric method is generally used, where 
the amount of purpurogallin formed from 
pyrogallol is determined. Under the stand- 
ard conditions for this method described 
by Keilin and Mann (14) V.P.O. showed a 
purpurogallin number = 41. For the 

period of five minutes during which the de- 
termination is to be carried out, however, 
V.P.O. is inactivated in the manner shown 


Fig. 2. in Fig. 2. The color development for vary- 

ing amounts of preparation is determined 
after different times. If the calculation for the purpurogalHn number is 
performed with the aid of the values for the initial rate, it will amount to 
about 75. 

As early as 1907 v. Czylartz and v. Flirth (15) observed that the pero- 
oxidase effect of leucocytes had just such a course as that described above, 
the color development during the first periods (they used leuco-malachite 
green and hydrogen peroxide as substrate) being strongest and afterward 
diminishing. Further, they showed that the peroxidase effect for hemo- 
globin and other hemin compounds, on the other hand, was directly pro- 
portional to the time. This difference in effect was taken by the authors as 
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a proof that the peroxidase effect caused by leucocytes was conditioned by 
a special ferment, and was not an unspecific effect of hemin derivatives 
occurring in the preparation. The question as to whether there was any 
peroxidase at all in leucocytes had been raised in connection with Moites- 
sier^s demonstration (1904 (16)) of the capacity of hemin compounds to 
catalyze peroxidatic reactions. All such reactions were at that time 
thought to be due to an unspecific hemin effect, and this view still occurs 
in the literature. That hemin compounds have a peroxidatic effect has 
been definitely proved; but this effect is very weak in relation to that of 
the peroxidatic ferments. 

The activity of V.P.O. is scarcely Vio of that of horseradish peroxi- 
dase. However, the V.P.O. content of the leucocytes is so great that 
the peroxidase effect in leucocytes is considerable. The leucocytes in 
a case of myeloic leucemia were isolated. V.P.O. was extracted and 
I)repared, and the ferment content was estimated at about 1-2% of the 
dry weight of the leucocytes. In comparison with the peroxidase effect 
in horseradish root, the part of the plant that is stated to be one of the most 
rich in peroxidase, the effect for leucocytes is calculated to be about six 
times as great. 

V.P.O. is relatively stable when subjected to heat. At 80° C. the fer- 
ment is inactivated in 10 minutes only by 6.4%. At 90° C., however, the 
inactivation is complete after 10 minutes. 

V.P.O. is inactivated by N/l sodium hydroxide and by iV/lO hydro- 
chloric acid. No inactivation, on the other hand, is brought about in 
iV/lO sodium hydroxide and iV/lO acetic acid. 

V.P.O. is inhibited by hydrogen cyanide, hydroxylamine, azide and 
fluoride; the ferment is not inhibited by carbon monoxide. 

The ferment is inactivated only by about 10% if it is precipitated with 
a mixture of ethyl alcohol and formalin in which the respective concen- 
trations arc 70 and 10%. As regards the ‘‘oxidase coloring^ ^ of leucocytes, 
this is generally performed in alkaline solution of a-naphthol and diethyl- 
paraphenylenediamine after fixing the preparation in alcohol + formalin. 
As a rule, of course, one cannot expect ferments to stand up to such a 
drastic treatment, and various attempts were formerly made to explain 
how the oxidase reaction can remain after fixation. It has been assumed 
that the activating substance was of a non-enzymic nature, or that fer- 
ments were protected by certain substances. V.P.O. is, however, resistant 
to treatment with both alkali iV/10 and ethyl alcohol + formalin; and 
we find here the explanation of the “stainability” of the leucocytes under 
the above-mentioned conditions. 
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VI. Discussion 

Peroxidase preparations produced from different starting materials have 
proved to differ both as regards properties and as regards the maimer 
reacting. 

The commonest material for preparation has been horseradish root. 
Preparations from this material have proved to contain two different 
peroxidases: peroxidase I and peroxidase II (17), now called ‘‘paraper- 
oxidase^' and “peroxidase, respectively (18). Peroxidase has been crystal- 
lized by Theorell in 1941 (18, 19). 

Altschul, Abrams and Hogness (20) have prepared peroxidase from 
yeast. This ferin?ht has an appearance and a spectrum that remind one of 
horseradish root peroxidase. Its effect, howeVer, is specifically adapted 
for an oxidation of reduced cytochrome c. It was first described as an 
oxidase, and not until it Iftid been more closely investigated did it appear 
that it was active only in the presence of hydrogen peroxide. 

It has long been known that milk has a strong peroxidase effect. Per- 
oxidase from this source has been prepared in connection with a number of 
investigations, though not in a form in which it was possible to observe it 
more closely. It is brownish in color. 

Verdoperoxidase has a color and a spectrum that diverge from those of 
earlier described peroxidase preparations. On examination it has proved 
to be active with ordinary peroxidase reagents. Quantitative determina- 
tion of the effect in connection with the formation of purpurogallin showed 
the same to be only Vio“V 2 o of that shown by plant peroxidase. The 
function of V.P.O. in the leucocytes has as yet not been investigated in 
detail. V.P.O. occurs in high concentration in the leucocytes. It would 
seem strange if this high content of V.P.O. were needed merely for the 
oxidative conversion in the leucocytes. It is conceivable that it also 
has a function in connection with the general reaction of the leucocytes to 
infection and similar states. 

Leucocytes give rise tq the formation of indophenol blue with the Nadi 
reagent. The activating substance has hitherto been described as an 
oxidase. Hydrogen peroxide, however, is formed in the reagent by autoxi- 
dation, and the color formation is catalyzed by V.P.O. 

The formation of indophenol blue that is caused by tissues is inhibited or 
in some 6ases topped altogether on addition of catalase. One should thus 
ask oneself whether peroxidases do not, here also, play a role, as Vernon 
(21) assumed as early as 1912. Perhaps the occurrence of peroxidases is 
much more general than we have hitherto had occasion to suppose. 
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The isolated peroxidases are colored substances, and like the cyto- 
chromes whose presence has been demonstrated in the tissues they have 
typical absorption bands. These absorption bands of the cytochromes 
have shown a certain Variation on spectroscopic observation, and the 
conception of especially the a-cytochromes has therefore varied greatly. 
In several species of bacteria and tissues the typical a-band at 605 m/i is 
missing, and, instead, bands around 590 and 630 m/z are found. These 
typical a-cytochrome bands have been designated ai and a 2 , respectively. 
Warburg and others (22) have asserted that in any case certain of the 
observed substances are ferments with specific functions. Keilin (23) 
and others, on the other hand, consider these substances to be more or 
less modified cytochrome-a derivatives. According to Keilin, if only its 
absorption bands in the leucocytes had been observed and its effect not 
been ascertained in detail, V.P.O. would have probably been described as 
belonging to the cytochrome-a^ group. 

The a 2 - 6 ytochromfs with absorption bands in the vicinity of 630 m/z 
have been regarded by Lemberg and Wyndham (24) as bile pigment hemo- 
chromogens (verdohemochromogens). V.PsO.^s absorption band at 637 
m^z would thus lead to the assumption that the prosthetic group was of a 
similar nature. Certainly, the constitution of V.P.O. has not been in- 
vestigated in detail; but it may nevertheless be stated that it has not the 
properties that are considered characteristic for bile pigment herno- 
chromogens. 

In the author’s opinion there is but little justification for drawing con- 
clusions about the properties or constitution of a substance simply on the 
basis of spectroscopic similarities or dissimilarities. Substances differing 
greatly in color and absorption have shown .similar effects, e. g.j plant 
peroxidase and V.P.O. Plant peroxidase and cytochrome-c peroxidase 
have similarities as to color and absorption, but differ in their way of taking 
effect. Among the substances that have been classified under the cyto- 
chromes there are perhaps some with effect other than the reversible re- 
action ferric ^ ferrous ascribed to tlje cytochromes. 
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**Every system which has not reached a state of equilibrium is changing con- 
tinuously towards such a state with greater or less speed.** 

— Lewis and Randall* 


I. Introduction 

It is a general belief that, when living cells made their first appearance in 
this world, they started using the reduction of CO2 as a source of energy, 
these unicellular organisms being able to live with the sole aid of inorganic 

The following abbreviations have been used: ATP ■» adenosinetriphosphate; 
ADP = adenosinediphosphate; Ad = adenylic acid; Cr * creatine; Arg =» arginine; 
Pyr(P 04 )i =» diphosphopyridine nucleotide; Pyr(P 04)8 triphosphopyridine nucleo- 
tide; DPT « diphosphothiamine. 

• Quoted from Thermodynamics^ 1923, p. 18. 
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substances and C02(4H2A + 2 CO 2 — > 4 A + CH4 + 2 H 2 O; 4 H + CO2 
(CH2O) + H2O; CO2 + HCOOH; 2CO2 + 2H2 = CH3COOH). 
With the formation of these carbon-containing building stones, another 
reaction between some of these substances and CO2 became possible, fixa- 
tion of C02(RH -f- CO2 ^ RCOOH); these series of dark, exergonic, waste- 
ful reactions were complemented by another series of more efficient, ender- 
gonic reactions \^'hen chlorophyll-protein was formed, acting as the mediator 
for the series of reactions; 

RCOOH + H 2 O -h nhv RCH 2 OH -f O 2 

Once the carbohydrate molecule was formed, it became the main source of 
energy for the living cell (AF^ 298 ‘* of glucose 6 CO 2 + 6 H 2 O = —217,020 
cal. (165)). Lack of electron mediators toward oxygen prevented at first 
the full utilization of the free energy released on the complete combustion of 
carbohydrate, and the anaorobic breakdown, fermentation, mu^t have been 
the primitive method of carbohydrate breakdown. Fermentation ended 
with the formation of alcohol and CO 2 , the Gay-Lussac equation : 

CeHisOe -- 2C2H ,0H + 200? 

Plants, yeasts, molds, and some bacteria still have alcoholic fermentation. With the 
introduction of Fe into the etioporphyrin molecule (porphyrine nucleus of chlorophyll) 
the cells came into pos«ssion of catalysts for the oxidation of carbohydrates by atmos- 
pheric oxygen, and there was another end product in fermentation, lactic acid : (CftHi 206 
-► 2C8H60s). The fermentation process became more and more efficient by the intro- 
duction of a series of reversible steps made possible by the introduction of phosphorus. 
The oxidative process, too, added in its way toward oxygen more and more reversible 
steps. It was logical that these two processes with so many reversible links should be 
connected to one another through one or more of these links ; this relation the genius of 
Pasteur saw in all its complexity. Unicellular organisms became multicellular organ- 
isms, and the creation of a new phase — the intercellular phase — ^brought forth new com- 
plexities in the production of energetic processes; and secretory processes and excretory 
processes contributed to maintain the *‘fixit4 du milieu int^rieur.” As the activities of 
the multicellular organisms increased, the utilization of fuel became more and more 
efficient, efficiency obtained by the introduction of energy-rich phosphate bonds. As 
the evolutionary process advanced, control of energy production appeared, the rate of 
the manifold enzymatic reactions becoming controlled by a number of chemical factors, 
which in the vertebrate organisms reached marked specificity and constituted the 
hormonal mechanism of control. In this gradual evolution of living organisms it is 
reasonable to assume that the intricate machinery of fermentation enzymes and oxida- 
tion enzymes, all controlled by the hormonal mechanism of regulation, must have 
evolved through a long process of seemingly gradual complications but actually all tend- 
ing to attainment of complete reversibility. Have the different evolutionary steps dis- 
appeared, and is the mechanism of fermentation and oxidation enzyme systems thus uni- 
form throughout living cells? Are there still left remnants of those wasteful processes of 
carbohydrate metabolism? Comparative biochemistry, to provide an answer to these 
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questions, must devote special attention to the mechanism of carbohydrate metabolism 
in plants and protozoa, and their regulating mechanisms. Furthermore, on studying 
these mechanisms, special attention must be paid to the differences observed among liv- 
ing cells. 

Comparative biochemistry must also be always on the alert for hasty 
applications and hasty generalizations of work with isolated systems, not 
only because the rate of reaction and the orientation of reaction are con- 
trolled by nonenzymatic mechanisms, but also because some of those iso- 
lated systems become reactive only after destruction of the architecture of 
the living cell and the disappearance of the controlling mechanisms. An 
attempt has been made in this article to study the metabolism of carbohy- 
drates in living cells with the guidance of the considerations stated above. 
The meagerness of necessary data has been a great obstacle in the realiza- 
tion of this attempt. It is hoped that the gaps that have been found may 
be filled as soon as conditions for investigative work become normal again. 

II. Catabolic Process: Carbohydrate Fermentation 

I. First Phase: Glycogen — > Pyruvate 

Fermentation, the anaerobic phase of carbohydrate breakdown, may end 
in the formation of either lactic acid or alcohol. In any event, both end 
products have a common pathway down to the formation of pynivate; 
moreover, under aerobic conditions the fermentation or anaerobic phase 
may stop in the pyruvate stage, which then may undergo the series of 
oxidative reactions. Pyruvate is the obligatory end product of fermentation 
in the normal pathway of carbohydrate metabolism. 

The clarification of the mechanism of this first phase started with the discovery by the 
Russian botanist Ivanow (90) of the formation of phosphorylated compounds in plant 
fermentation, and ended with the discovery by Warburg of the mechanism of the linkage 
between phosphorylation and oxidation-reduction (212). Without the outstanding 
discoveries made by the laboratories of Meyerhof, kjmbden, Pamas, and Cori, who un- 
raveled the series of reactions, the last achievement would have been impossible. Let us 
consider first the phosphorylated formation of pyruvate. In the breakdown of the six- 
carbon molecule, glucose, into the three-carbon molecule, pyruvate, there are eight 
separate steps, all of them reversible but No. 7 (Table I), the dephosphorylation of phos- 
phopyruvic acid by adenylic acid to pyruvate. If the process stairts from a polysac- 
charide — glycogen or starch — three more reversible systems are added. Whether the 
process starts from glycogen or from glucose, the phosphate molecule present in all the 
intermediate states is absent in the initial and final states, showing the catalytic charac- 
ter of these phosphorylations. 

This series of reactions, in which phosphate is bound as ester, transferred 
in intramolecular migrations, or converted into energy-rich phosphate 
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bonds, occurs in a variety of ways. Thus, in reaction 1 (glycogen + HsPOi 
glucose 1-phosphate) and in reaction 8 (3-glyceraldehyde phosphate + 
HjPOi 1,3-diphosphoglyceraldehyde) there is introduction of inorganic 
phosphate; while the first, however, leads to the formation of an energy- 


Tablb I 

Carbohydrate Fermentation by Phosphorylation. 
First Phase: Carbohydrate -► Pyruvate 


No. 

Enzyme system 

Reacting systems 

References 

1 

Phosphorylase (protein-Mg- 

adenylic acid) 

Glycogen + H 3 PO 4 glucose 1- 

phosphate 

(47) 

2 

PhosphoglucortWItase (protein- 
Mg) 

Glucose-1 -phosphate gluQOse 6- 

phosphate 

(48, 193) 

3 

Isomerase (hexose) (protein-M*) 

Glucose 6-phosphate fructose 6- 
phosphate 

(123) 

4 

Phosphohexokinase (protein- 

ATP ?) 

Fructose 6-phosphate -f ATP 
fructose 1,6-phosphate -f ADP 

(163) 

5 

. Hexokinase (protein-ATP ?) 

Glucose ATP ^ glucose 6-phos- 
phate -j- ADP 

(132) 

6 

Zymohexase (protein-M *) 

Fructose l,6-pho8phate 
dioxyacetone phosphate 

Fructose 1,6-phosphate 
3-glyceraldehyde phosphate 

(83, 136, 137) 

7 

Isomerase (trioso) (protein-M*) 

Dioxyacetone phosphate 3- 

glyceraldehyde phosphate 

(138) 

8 

Nonenzymatic 

3-Glyceraldehyde phosphate + 
H 3 PO 4 ^ 1,3-diphosphoglycer- 
aldehyde 

(151, 211) 

9 

Phosphoglyceraldehyde oxidase 
(protein-DPN) 

1,3-Diphosphoglyceraldehyde + 
DPN 1, 3-d iphosphogly cerate 

+ DPNHj 

(151,' 211) 

10 

Nonenzymatic 

1,3-Diphosphogly cerate -f ADP 
3-phosphogIy cerate -f ATP 

(151, 211) 

11 

Triose mutase (protein-M*) 

3-Phosphoglycerate 2-phospho- 
glycerate 

(134) 

12 

Enolase (protein-Mg) 

2-Phosphoglycerate + H 2 O 
phosphoenolpyruvate 

(126, 213) 

13 

Phosphopyruvate phosphatase 
(protein- ADP-Mg) 

Phosphoenolpyruvate + ADP 
pyruvate -f ATP 

(41, 115, 166) 


M* — metal. 


poor (Lipmann's terminology (119)) phosphate bond ester requiring the 
action of an enz 3 rme, phosphorylase, the second leads to the formation of 
diphosphoglyceraldehyde and is nonenzymatic. In reaction 4 (fructose 
6-phosphate + ATP fructose 1,6-diphosphate + ADP) and reaction 5 
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(hexose + ATP ^ glucose 6-phosphate + ADP) phosphate is transferred 
from the energy-rich phosphate bond in adenosinetriphosphate through 
enzymatic reactions. In reaction 10 (1,3-diphosphoglycerate -f ADP 3- 
phosphoglycerate + ATP and reaction 13 (phosphoenolpyruvatc -f ADP — > 
pyruvate +ATP) the energy-rich phosphate bond is restored to adenylic 
acid and thus adenosinetriphosphate is reformed; the first is a nonenzy- 
matic reaction because of the lability of the phosphate group linked to the 
carboxyl residue and is the reason for the so-called ‘^compulsory coupling 
between oxidation-reduction and phosphorylation”; the last is enzymatic 
and is the only reaction presumably irreversible. In reaction 2 (glucose 
1-phosphate glucose 6-phosphate) and in reaction 11 (3-phosphoglycer- 
ate 2-phosphoglycerate), both enz 5 rmatic, there is intramolecular mi- 
gration of phosphate groups. 

A number of the enzyme systems which catalyze these reactions have 
been isolated and purified, all of them being made up of specific proteins, 
most of them combined to magnesium and adenylic acid. Thus, phosphoryl- 
ase is a protein-Mg-adenylic acid (70); phosphoglucomutase (48), enolase 
(213) and probably triose mutase (134) are protein-Mg compounds; 
phosphopyruvate phosphatase is a piotein-ADP-Mg (166); phosphohex- 
okinase and hexokinase seem to be protein- ATP compounds; zymohexase 
is, according to Green, et al. (83), a protein with no prosthetic group; 
phosphoglyceraldehyde oxidase, the oxidation ferment of Warburg and 
Christian (211), is a protein-Pyr(P 04 ) 2 ; the prosthetic groups of isomerases 
(triose- and hexose-) are unknown. In summary, the series of eleven en- 
zyme systems of the first phase of fermentation is made up mostly of spe- 
cific metalloproteins with, in some instances, the addition of adenylic acid 
or its polyphosphates. In Warburg^s enzyme there is addition of a sluggish 
reversible oxidation-reduction system. 

Equilibrium. — In the enzymatic hydrolysis of glycogen or starch by 
amylase the reaction seems to be largely irreversible. The introduction 
of phosphate into the carbohydrate molecule brings forth an important 
property, that of reversibility, shared by all the reactions except the last, 
formation of pyruvate. The concentrations of the reacting systems, of 
ions which accelerate or retard the establishment of equilibrium, the hy- 
drogen-ion concentration, and the temperature are factors which determine 
the value of the equilibrium constants, and hence the rate and the orienta- 
tion of the different reactions. At constant temperature and pH value, 
the concentration of phosphate and of glucose 1-phosphate determines the 
equilibrium of the reaction: glycogen + H3PO4 glucose 1-phosphate. 
At 25° and pH 7, equilibrium is reached in reaction 1 with 77% glycogen 
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and 23% glucose 1-phosphate; in reaction 2, with 5% glucose 1-phosphate 
and 95% glucose 6-phosphate; in reaction 3, with 30% fructose 6-phos- 
phate and 70% glucose 6-phosphate (46). Temperature plays an impor- 
tant role in some of these reactions and is negligible in others, thus altering 
in opposite directions their orientation. For example, while equilibrium in 
reaction 2 is almost independent of temperature changes, reaction 6 (fruc- 
tose 1,6-phosphate dioxyacetone phosphate + 3-glyceraldehyde phos- 
phate) is greatly affected by it, the equilibrium value K varying from 1.8 X 
10~^ at —7° to 2.2 X 10“- at 70° (136). The influence of phosphate and 
concentration on the equilibrium value of the oxidation-reduction 
system represented by the over-all reaction : 

fGlyceraldehyde phosphate] [Pyr(P 04 ) 2 ] 

[Phosphoglycerate] [Pyr(P 04 ) 2 H 2 ] 

is also considerable. AccoMing to Warburg and Christian (212), at opti- 
mum phosphate concentration, equilibrium was established at pH 7.4 
when Pyr(P 04)2 was half reduced {Eh about —0.292 volt), while at pH 8.45 
it was established at 91.4% reduction of Pyr(P 04 ) 2 ) {Eh about —0.382 
volt). The factors which affect the value of the equilibrium constant in 
these enzymatic reactions are considerably increased in the living cells by 
the interposition of semi-permeable membranes, viscosity, and among 
vertebrates by the presence of the hormonal controlling mechanism. 

The Role of Adenosine and Guanidine Phosphates. — In the series of 
reactions presented in Table I, ATP acts as P mediator in four of them. 
In vertebrate muscle and in nerve there is another substance of similar 
properties, creatine, and in invertebrates, arginine. In Table II is pre- 
sented the series of reactions in which these P mediators transfer energy- 
rich phosphate bonds. Muscle myosin seems to contain three mechanisms 
cf P transfer: Native myosin, which breaks ATP — > ADP + H PO 4 
(59, 147); myosin II, precipitated myosin, which takes another P: ADP 
adenylic acid + H 3 PO 4 (9); and, finally, myokinase, which seems to 
catalyze the reaction: 2ADP ;=± ATP + adenylic acid (42, 99). Those 
reactions which are produced in the muscle fibers are essential for the proc- 
ess of muscular contraction, where, as observed by Lohmann (125), the 
splitting of ATP precedes that of creatine phosphate. The adenylpyro- 
phosphatase activity of muscle is associated with the myosin fi action of 
muscle proteins, for after purification of myosin by repeated reprecipitation 
the protein was still just as active in splitting off one PO 4 group from ATP 
but had lost entirely the power shown by the mash or by ohce precipitated 
myosin of converting ADP into adenylic acid. Myosin I seems to be a 
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protein-Ca compound, for is the most efficient activator; myosin II 
contains an adenosinediphosphatase activated by Mn > Mg > Ca"^+. It 
can readily be seen that so rich a mechanism for the liberation of energy- 
rich phospliate bonds will contribute these labile phosphates to the prose- 
cution of the reactions in Table I. Thus, in the presence of CH^ICOOH, 
reactions 10 and 12 take place with creatine (166) instead of ADP. The 
equilibrium constants of the reactions 

ATP X Arg ATP X Cr ADP X Cr 

** ADP X Arg P^ “ ADP X Cr P’ Ad X Cr P 

were measured by Lehmann (113). 

Table II 


Reactions of Adenosine and Guanidine Phosphates on Addition op Those in 

Table I 


No. 

Encyme system 

Reacting systems 

References 

1 

Myosin I 

ATP ADP + HjPOi 

(59, 147) 

2 

Myosin II 

ADP -► adenylic acid -f HjP 04 

(9) 

3 

Myokinase 

2 ADP ATP -f adenylic acid 

(99) 

4 

Adenyltriphos- 

phatase 

ATP 4- creatine ^ ADP -f creatine phosphate 

(115, 125) 

6 

Adenyltriphos- 

phatase 

ATP 4- 2 creatine 7=^ adenylic acid 4- 2 creatine 
phosphate 

(114) 

6 

Adenyltriphos- 

phatase 

ATP 4^rginine ADP •+• arginine phosphate 

(113) 


ATP and the phosphorus transfer enzymes seem to be universally dis- 
tributed, for they exist in animal tissues, in bacteria, in yeast, in plants, 
and in fungi; their importance in the efficient transfer of energy is indeed 
great. (See Lipmann's excellent review (119).) In fact, by transferring P 
reversibly to creatine and arginine they contribute energy for muscular 
contraction; they contribute energy for the reversible phosphorylations of 
fermentation (Table I) ; and they contribute energy for the aerobic phos- 
phorylations and synthesis, thus linking catabolic and anabolic processes 
of carbohydrate metabolism. If the existence of energy-rich phosphoryl- 
ated intermediates in carbohydrate oxidation (acetyl phosphate, phos- 
phosuccinate ; phosphooxaloacetate ; pho8pho-a-keto-)3-carboxyglutarate) 
is demonstrated, the role of ATP in transferring energy from these labile 
compounds would be established. 

Creatine, which is abundantly distributed in muscle and nerve (69, 135), 
has been found by Torres (199a) in mammalian spermatozoa; whether the 
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breakdown of creatine phosphate provides the energy for their motility 
remains to be demonstrated. Arginine in invertebrate muscle seems to 
play the same role as creatine (10, 160). Arginine can be regarded as the 
more primitive substance, creatine being derived from it. In fact, Schoen- 
heimer (176) demonstrated that the synthesis of creatine in the animal body 
may occur by transmethylation from arginine in the presence of glycine and 
methionine. The replacement of arginine by creatine in the evolution 
from invertebrate to vertebrate is a matter of great interest. The replace- 
ment starts among the invertebrate group of Echinoides (sea urchins) and 
Entero'pneusia (Balanoglosus), which seem to be the connecting link; the 
larvae themselves contain only arginine, while creatine appears after the 
metamorphosis. In vertebrate muscle over half of the total creatine is 
combined with P (69). In invertebrates, practically no free arginine exists 
in the fresh oxygenated muscle (133, 135). The transformation of arginine 
into creatine was of significance in the evolution process because it in- 
creased the efficiency of this reservoir of energy {AH of phosphocreatine 
^ creatine + H 3 PO 4 = — 10,700 cal; AH of phosphoarginine ^ arginine + 
H 3 PO 4 = —7700 cal (142); there are not yet reliable data for the cal- 
culation of AF values) and hence the efficiency of the cell machine when 
burning carbohydrate as fuel 

Distribution of the First Phase of Fermentation. — The series of reac- 
tions tabulated in Table I was studied in tissue and yeast extracts and in 
isolated enzymes prepared from such extracts. From many quarters 
doubt has been raised as to the application of those findings to the events 
actually occurring in living cells. Furthermore, the assumption that the 
process is universal has also been challenged. Needham and his co-workers 
(148-150), in their series of papers on the intermediary carbohydrate 
metabolism in embryonic life, came to the conclusion that in chick embryo 
there are two separate routes of carbohydrate breakdown: (1) nonphos- 
phorylating glycolysis, very active and closely bound to the cell structure ; 
and (2) phosphorylating glycolysis, similar to that of muscle. The reasons 
for this conclusion were that P transporting coenzymes were present in 
very small amounts, that the rate of glycolysis was not affected by the 
complete removal of phosphate, and that there was inhibition of glycolysis 
by f-glyceraldehyde, which they considered a specific inhibitor of nonphos- 
phorylating 'glycolysis. It is known that phosphopyridine nucleotides are 
easily dephosphorylated in tissues and adenosine is easily deaminated; 
destruction of these coenzymes might have been the reason for the failure of 
Needham, et al.y to find the phosphorylation series in embryo glycolysis. 
In fact, Meyerhof and Perdigon (140) demonstrated the presence of dipbos- 
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phopyridine nucleotide and adenosinetriphosphate in extracts of mouse and 
chick embryo which readily converted a mixture of pyruvate and hexose 
diphosphate into lactic acid' and phosphoglyceric acid on addition of the 
necessary coenzymes. The slow decomposition of hexose diphosphate is no 
contradiction, because (see Table I) the rate of oxidation-reduction of 
triose phosphate depends on the simultaneous phosphorylation of the 
adenylic acid system which transfers P to the acceptors, glucose, hexose 
monophosphate and creatine. Regarding the inhibition of glycolysis by 
glyceraldehyde,"it is due to inhibition of hexokinase activity (186) and is no 
argument against glycolysis with phosphorylation. The same assumption of 
two mechanisms of carbohydrate breakdown was made for brain glycolysis 
(5), an assumption based mainly on the fact that the rate of glycolysis was 
higher in the presence of glucose than with glycogen, and on the inhibiting 
effect of /-glyceraldehyde. The rapid destruction of adenosine and pyri- 
dine nucleotide observed by Mann and Quastel (129) was again the reason 
for this conclusion, for it has been shown that brain (62) has the same gly- 
colytic mechanism as that of muscle (131). Fermentation by phosphoryla- 
tion has been demonstrated in retina extracts (189-191, 102), in tumor ex- 
tracts (35), in cartilage (76) and in the liver (164). In spite of the accumu- 
lating evidence in favor of phosphorylated fermentation in animal tissues, 
there are still voices raised against transferring conclusions drawn from 
experiments in tissue extracts to the living animal; and Sacks (174) has chal- 
lenged its applicability even to muscle, a tissue from which most of the en- 
zymes described in Table T were isolated. The decrease in creatine phosphate, 
with corresponding increase in inorganic phosphate, and the accumulation 
of hexose monophosphate found in muscle contraction under anaerobic 
conditions are considered by him objections against the Embden-Meyerhof 
scheme of Table I. However, synthesis of phosphocreatine is a process 
connected with respiration (26); the reaction ATP + creatine creatine 
phosphate + ADP is reversible and under anaerobic conditions the reaction 
proceeding to the right will produce a diminution of available ATP required 
for the phosphorylation of hexose monophosphate. The validity of Sacks' 
experiments with radioactive phosphorus has already been challenged by 
Lipmann (119) and by Kalckar (98). From a methodical consideration 
of all the papers published on this subject, it may be concluded that in 
animal tissues the first phase of carbohydrate fermentation proceeds strictly 
via phosphorylation, a mechanism which allows a greater utilization of the 
energy derived by the breakdown of the molecule into the Cs compounds. 

According to Ne^elein and Bromel (152) the activating protein of alcohol 
oxidase in yeast is able to oxidize dihydroxyacetone, dihydroxyacetone 
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phosphate and glyccraldehyde when acetaldehyde reduction is stopped by 
bisulfite fixation. Electron transfer occurs through diphosphopyridine nu- 
cleotide, and glycerol is the end product. The affinity of the activating pro- 
tein is, however, 20,000 times greater for acetaldehyde than for dihydroxy- 
acetoue, the fastest reacting substance of the three intermediates above 
mentioned. 

Very little is knowm about the mechanism of carbohydrate fermentation 
in invertebrates and protozoa. Anaerobic glycolysis and the presence of 
carbohydrates in sea urchin eggs was demonstrated in 1928 (168), and re- 
cently the presence of pyruvate (18). Diphosphopyridine nucleotide and 
its synthesis hy ^hilomonas paramedum was demonstrated by Hutchins, 
et aL (89). It may be expected that there will be found among the lower 
invertebrates, especially among the protozoa, fermentation mechanisms 
requiring no phosphorylation, for Reiner, Smythe and Pedlow (172) found 
that glucose is broken down anaerobically by T. equiperdum to pyruvate 
and glycerol, C6H12O6 CH3COCOOH + CsHgOs, while T, lewisi gives 
first 1 molecule of succinate and 1 molecule of glycol (or acetaldehyde + 
H3O), CeHijOe -> HOOCCH3CH2COOH + QiHA. This is followed under 
anaerobic conditions by the formation of acetic acid and ethyl alcohol. 
Since such decomposition is anaerobic, it may be concluded that the first 
phase of fermentation, glucose — > pyruvate, exists in T, lewisi. Pyruvate 
may then condense with CO2, as postulated by Searle and Reiner (177), to 
give oxaloacetate which through reduction via malate will end in succinate. 
Part of the pyruvate molecule is decarboxylated and the acetaldehyde is 
dismuted to ethyl alcohol and acetic acid. Whether the first phase of 
fermentation proceeds via phosphorylation is not known. That protozoa 
utilize carbohydrates has been established by numerous investigators 
through growth experiments; it remains to investigate whether the car- 
bohydrate breakdown proceeds through reversible phosphorylations. 

The necessity of preliminary phosphorylation of carbohydrate in yeast 
has also been challenged, although many of the reactions of Table I were 
performed with yeast extracts. Nilsson and Aim (157), for example, main- 
tain that fermentation reactions in yeast cells proceed at first without 
previous phosphorylations, and that the phosphorylation reactions occur 
later; in fact, they found that dried yeast cells could ferment glucose in the 
absence of phosphate with the formation of a nonfermentable Ca compound. 
On the other hand, Macfarlane (130) maintains the existence of phos- 
phorylated fermentation in living yeast. Although the presence of non- 
phosphorylated fermentation in living yeast cells has not yet been es- 
tablished, it cannot be denied that the accumulation of phosphate esters 
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in yeast extracts is an artifact brought about through cell disintegration. 
Workman and his co-workers (see Werkman^s review (215a)) have contrib- 
uted most to the demonstration that the reversible processes of phos- 
phorylation do exist in bacteria. In Esch. coU, for example, all the indi- 
vidual reactions of Table I have been demonstrated to take place (56, 
187, 201) and in Streptococcus fecalis there was observed on the fermenta- 
tion of glucose a parallel decrease of inorganic P and increase of organic P, 
which appeared primarily as a Ba-soluble, alcohol-insoluble fraction (162). 
But even in Esch. coli there are present enzyme systems (glyoxalase) 
which might be taken as evidence for the existence of fermentation without 
phosphorylation (188). There is some indirect evidence in favor of the 
existence of nonphosphorylated fermentation in bacteria. The ability of 
Propionibacterium peniosaceurriy * growm in fluoride-containing media, to 
ferment glucose (217), and the lack of fluoride inhibition of glucose fer- 
mentation by certain bacteria* (17) are indication that the anaerobic fer- 
mentation of glucose in bacteria might also take place without phosphoryla- 
tion. Glucose fermentation without phosphorylation might exist among 
saprophytic bacteria, soil bacteria, for example, which have the property of 
easily forming new enzyme systems to utilize the organic substance in which 
they are grown. 

We are indebted to James and his co-workers, and to Hanes for much 
progress on understanding the mechanism of carbohydrate breakdown in 
plants. The existence of the first phase, carbohydrate — > pyruvate, has 
been shown conclusively by James and his co-workers in a series of papers 
dealing with the metabolism of barley. Pyruvic acid was formed by 
barley sap from glucose in the presence of adenylic acid (91, 94), and 
the necessity of phosphorylation for carbohydrate breakdown was also 
demonstrated by studying the ratio of CO 2 formation to inorganic P dis- 
appearance (92, 93). The importance of phosphorylation for the carbo- 
hydrate metabolism of plants has been corroborated by the excellent work 
of Hanes (78) on the breakdown and synthesis of starch by a phosphory- 
lase quite similar to Cories phosphorylase but isolated from potato and 
pea seeds. Starch or any saccharide composed of a-glucopyranose units 
linked in positions 1 and 4 are readily phosphorylated by plant phosphory- 
lase (pea, potato) with the formation of a glucose 1-phosphate identi- 
cal with the Cori ester obtained by phosphorylation of glycogen. The 
presence of hexose diphosphate, which is readily used by plants (3), is 


* According to Warburg and Christian (213) fluoride inhibits enolase by forming a 
protein Mg-fluorophosphate complex compound. 
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another evidence for carbohydrate phosphorylation. However, much re- 
mains to be investigated; for example, the e^'^tence of Warburg and 
Christianas reaction (reactions 8, 9 and 10 of Table I) has not yet been dem- 
onstrated. Very little is known about the carbohydrate fermentation 
mechanism of green algae; they are able to ferment glucose (68) but 
the mechanism of this fermentation is unknown. 

Whether the first phase of carbohydrate fermentation exists among the 
lower fungi has not yet been demonstrated. Glucose is fermented by fungi. 
Nord and hi^ colleagues (158, 159), who have studied carefully the carbo- 
hydrate fermentation in Fusaria, demonstrated that there exist in the mul- 
ticellular fungi two types of fermentation: without previous phosphory- 
lation during the firs^days of growth, and fermentation through phosphory- 
lation afterward, the exact mechanism of the nonphosphorylated fermenta- 
tion being unknown. 

If fermentation by phosphorylation in the first phase has been found in 
animal tissues, yeast, plants, bacteria, fungi, can it be concluded that the 
enzyme systems are identical throughout the living organisms? Since the 
first enzyme system, phosphorylase, is the only enzyme system which has 
been isolated in animal tissues, yeast and higher plants, a comparison of 
the properties of phosphorylase isolated from them may be useful. Phos- 
phorylase from animal tissues is a protein-adenylic acid complex (70), the 
presence of small amounts of glycogen being necessary to start the reaction 
toward glycogen formation. Phosphorylase from potato seems to need no 
adenylic acid (73). However, while liver phosphorylase gives glycogen 
which is indistinguishable from natural glycogen in its chemical properties 
(49), muscle phosphorylase gives a polysaccharide very similar in structure 

c inorsT. P 

to plant starches (8). The equilibrium value k = — — — r— — varies with 

c Con ester 

the pH value; while it changes from 5.7 at pH 6 to 2.9 at pH 7.55 in muscle 
phosphorylase (49), it changes in potato phosphorylase from 10.8 at pH 
5 to 3.1 at pH 7 (79). This discrepancy reflects some real difference in the 
reaction occurring in the plant and animal systems. Phosphorylase from 
yeast seems to be also different from the other two phosphorylases ; it re- 
quires no adenylic acid, and the k value at pH 7 is 5.2 (103). Furthermore, 
the muscle of embryo and the newly born animal has less phosphorylase 
activity than that of the adult animal (143). 

It may be concluded from this review that phosphorylative fermentation 
represents an advanced stage in the evolutionary process of carbohydrate 
metabolism and that nonphosphorylative fermentation seems still to exist 
among the fungi, yeasts and some bacteria. 


varies with 



MECHANISMS OF CARBOHYDUATE METABOLISM 


IGl 


Second 'Phase: Anaerobic Decomposition of Pyruvate 


The discovery of alcohol as an end product of some fermentations is 
indeed very old (see Neuberg’s review); the discovery of lactic acid came 
many years later (Bernard (30)). When an increased lactate concentration 
was found in the contracting muscle, attention was so much focused on this 
end product of fermentation that much effort has been wasted and still is 
being wasted in futile attempts to correlate lactate formation with carbo- 
hydrate oxidation, with carbohydrate synthesis. Lactate and alcohol are 
end products of the anaerobic phase of some carbohydrate fermentations. 
Whatever is gained in the reduction of pyruvate is lost in the reverse proc- 
ess, oxidation of lactate. In most aeroVnc cells, moreover, the anaerobic 
breakdown stops at the pyruvate stage, pyruvate being then metabolized 
through a variety of channels, of which lactate is only a cul de sac, a waste- 
ful step observed in abnormal conditions, when there has been a temporary 
or permanent interruption of optimal aerobic conditions. 

While the first phase of the fermentation process has been found in al- 
most all living organisms, the second phase is extremely varied. It ends in 
lactic acid formation in animals and some bacteria; in alcohol formation in 
plants, yeast, fungi and some bacteria ; and in a large number of other prod- 
ucts. Perhaps the gradual replacement of CO2 by phosphate as the organ- 
isms proceed further in the evolutionary stages of biochemical efficiency, 
accompanied by the disappearance of carboxylase responsible for the pro- 
duction of C()2 from pyruvate, is the cause for this change. 

Pyruvate m the presence of the enzyme system lactate oxidase (in ani- 
mals, protein-DPN) is reversibly reduced to lactate: 

Pyruvate -f- PyrCPOOjHz lactate -1- Pyr(P 04)2 


the Pyr(P04)2H2 molecule being provided by reaction 9 of Table I. Since 
the E'i, of Pyr(P04)2 is, at pH 7, —0.28 volt (34) and that of lactate 
— 2e :^ pyruvate- + 2H^ is —0.180 volt (21) in the absence of oxygen, 
pyruvate ^vill be completely reduced to lactate if no other oxidation-re- 
duction systems of more positive potential are present. In the living or- 
pyruvate 


ganism, the ratio: 


wiH'depend on the pH value, on the extent of 


lactate 

reaction 9 which provides Pyr(P04)3, and on the extent of oxidation, amina- 
tion and condensation reactions undergone by pyruvate. This ratio seems 
to remain in resting men more or less fixed according to Friedemann and 
Barborka (66). 

The end products of fermentation in protozoa are almost unknown, diffi- 
culty of growing them in pure culture being the obstacle. 
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In yeast, the main product of fermentation is alcohol. Pyruvate is ir- 
reversibly decarboxylated to acetaldehyde and CO2, and acetaldehyde is 
reduced by alcohol oxidase — Warburg^s reducing enzyme of fermentation 
(205) (protein-Pyr(P 04 ) 2 ). This reduction is also reversible: 

CH,COH -h Pyr(P 04 ) 2 H* CHsCH^OH -f Pyr(P 04)2 

Here also since the E'o value of the system acetaldehyde alcohol is, at 
'pH 7, —0.165 volt (16) reduction of acetaldehyde will be complete in the 
absence of oxygen. There is in yeast slight formation of lactate (85). 

The greatest diversity in the anaerobic fermentation of carbohydrate is 
seen in bacteria. Moreover, the quantities of these different products are 
not at all constant, but may vary markedly under the influence of the 
external conditions under which fermentation takes place. Pyruvic acid 
may end with the formation of formic and acetic acid (22, 155) : 

CHsCOCOOH -h H2O = CH3COOH -f HCOOH 

It may end by dismutation in acetic and lactic acids (23, 109) : 

2CH3COCOOH - CHsCHOHCOOH + CH3COOH + CO2 
It may give by condensation acetylmethyl-carbinol (74, 180) : 

2CH3COCOOH = CH3CHOHCOCH, -f 2CO2 

It may give by fixation of CO 2 a series of end products, by reactions whose 
mechanism has been so fruitfully investigated by the laboratories of Work- 
man and co-workers (see Werkman and Wood’s review (216)) and the 
California workers (202) : for example, formation of succinic acid (218) ; of 
propionic acid (38) : 

-h 4 H 

CH3CH2COOH -f H 207 =iCH,COCOOH + CO2 = COOHCH2COCOOH 
COOHCH2COCOOH + H2 = COOHCHOHCH2COOH 
COOHCHOHCH2COOH + H2O = COOHCH * CHCOOH 
COOHCH - CHCOOH + H* - COOHCH2CH2COOH 

Evidence for the reversibility in bacteria of Wood and Workman’s re- 
action (CH3COCOOH + CO2 COOHCH2COOH) has been provided by 
Krampitz and Werkman (106) with the striking demonstration of the en- 
zymatic /S-decarboxylation of oxaloacetate heretofore purely hypothetical. 
The existence of this Wood and Workman’s fixation reaction in animal tis- 
sues has not yet been demonstrated. Block and Barron (unpublished ex- 
periments from this laboratory) attempted to orient the metabolism of 
pyruvate toward oxaloacetate formation by increasing the CO2 tension, 
and by diminishing the temperature to 20° (to avoid oxaloacetate decom- 
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position). Although there was vigorous pyruvate utilization in liver 
slices of rat and pigeon, no oxaloacetate was detected. 

In plants, there is also abundance of carboxylase the presence of which 
has been demonstrated by numerous investigators (36, 88, 25) ; as a conse- 
quence, alcohol is one of the end products of carbohydrate fermentation. 
There is also every reason to assume that the fixation reaction of Wood and 
Workman plays an important role in the metabolism of pyruvate. The 
presence in plants of malic, succinic, fumaric, citric acids may start with 
this fixation reaction: 

Pyruvate -f- COj oxaloacetate malate ;;=± fumarate succinate 

+ 

pyruvate 

. i 

citrate 

The presence of carboxylase in fungi has been demonstrated (199), and 
the formation of alcohol seems a general phenomenon. Here, too, it may 
safely be predicted that the fixation reaction of Wood and Workman pro- 
vides the route for the formation of the citrate, malate, fumarate, succinate 
found in cultures of fungi (175, 181, 199). 

There are some bacteria which give as main products of fermentation 
both alcohol and lactic acid (65) and others which give mainly alcohol (199). 
A careful study of the fermentation mechanisms of these microorganisms 
might provide the discovery of the factors which changed one mode of 
fermentation into the other. 

III. Oxidative Breakdown of Carbohydrate 

1. Without Previous Fermentation 

There is now accumulated incontrovertible evidence against the view 
that carbohydrate utilization starts only after its anaerobic breakdown to 
pyruvate: in animal tissues, the oxidation of fructose by the brain (121), 
the continued respiration of tissues after inhibition of glycolysis by CH 2 - 
ICOOH (14) (CHJCOOH inhibits reaction 9 of Table I); in yeast, the 
oxidative breakdown of phosphogluconic acid (58), the direct oxidation of 
maltose (200), the uninterrupted respiration in the presence of concentra- 
tions of CH 2 ICOOH enough to inhibit fermentation (128); in bacteria, the 
oxidation of glucose and hexose phosphates by microorganisms which do not 
ferment glucose (17), the oxidation of gluconic to a-ketogluconic acid (120); 
in fungi, the direct oxidation of glucose to gluconic acid (31), to kojic acid 
(195), to keto-gluconic acid (84). 

The enzyme system for the direct oxidation of glucose — glucose oxidase 
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(protem-Pyr(P04)8) — has been found in animals in the liver (80), and 
abundantly distributed in molds (144, 196). The enzyme system for the 
direct oxidation of hexose monophosphate (protein-Pyr(P04)8-alloxazine 
mononucleotide-cytochrome c) exists in yeast, in some bacteria, and pos- 
sibly in other organisms. Hexose monophosphate can be oxidized indeed by 
a series of dehydrogenations and decarboxylations (51, 117, 208, 209), 
giving some justification to EngelhardPs opinion that “hexose monophos- 
phate represents the point where the fate of the hexose molecule is deter- 
mined and the paths of respiration and fermentation diverge^’ (67). The 
enzyme system for the oxidation of a-phosphoglycerol (71), which might 
oxidize carbohydrate before pyruvate formation, exists in animal tissues, 
plants and bactem. 

More data are needed for a comparative study of these nonfermentation 
oxidations. Vigorous in molds and in some saprophytic bacteria, they 
seem to lose importance the cells advance in their evolutionary process, 
and their presence in higher organisms might represent a relic of ancestral 
processes which becomes operative when the more efficient phosphorylative 
mechanisms have been interrupted. 


Carbohydrate Breakdown via Pyruvate 


There is no intermediary .substance produced during the metabolism of 
foodstuff that possesses the reactivity of pyruvate, and is able to take part 
in such a variety of reactions. Pyruvate is thus the hub toward which 
converge carbohydrate, fats and proteins in their catabolic and anabolic 
reactions. The manifold reactions tabulated in Table III have been found 
to occur in animal tissues, yeast, bacteria, fungi and plants; and the orien- 
tation of these reactions will of course be determined in the living cell by 
the different factors controlling the velocity of the different enzymatic re- 
actions. The pressure of oxygen, the concentration of phosphate and other 
electrolytes, the concentration of the reacting substances, of the prosthetic 
groups of the activating proteins, the presence in higher organisms of the 
regulating mechanisms which control the speed of reactions — leaving aside 
the influence of foreign agents — all will determine the orientation and the 
rate of the metabolism of pyruvate, and hence of carbohydrate. The oxy- 
gen pressure, which in a contractjfiig muscle, for example, changes continu- 
ously, has a great influence on determining the orientation, because pyru- 
vate (like the other a-keto acids) is utilized in the presence, as well as in 


, , , r P3^uvate used m Os . , 

the absence of oxygen. The ratio of : rr~77"> l^he oxydis- 

pyruvate used in Nt 
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mutation coefficient, changes from tissue to tissue. In bacteria there is 
even greater variation (Table IV), for there are bacteria which utilize 
pyruvate only in the presence of oxygen, and bacteria which have oxydis- 
mutation coefficients lower or greater than unity. The conclusion is ines- 
capable that any single scheme devised to explain pyruvate utilization in 
living cells has per force to be inapplicable. 


Table III 

Prosthetic Groups of Activating Proteins op Enzyme Systems for Pyruvate 

Metabolism 


No. 

Prosthetic group 
of activating protein 

Reversi- 

bility 

Nature of 
reaction 

End product 
deterilTtned 

References 

1 

Diphosphopyridine 

nucleotide 

Reversible 

Oxidation- 

reduction 

Lactate 

(207) 

2 

Flavin dinucleotide 

Reversible 

[Oxidation- 

amination 

Alanine 

(210) 

3 

Unknown (not (1) or 

(4)) 

Reversible 

Transamina- 

tion 

Alanine 

(24) 

4 

Diphosphothiamine 

Irreversible 

Decarboxyla- 

tion 

Acetaldehyde -f 
CO, 

(127) 

5 

Diphosphothiamine 

Irreversible 

Oxidation 

Acetate -f COi 

(23, 118) 

6 

Diphosphothiamine 

Irreversible 

Dismutation 

Lactate -f- acetate 
+ CO 2 

(23, 118, 179) 

7 

Diphosphothiamine 

Irreversible 

Dismutation 

Acetate -f formate 

(22) 

8 

Diphosphothiamine 

Irreversible 

Condensation 

Acetyhnethylcar- 
binol -f- CO 2 

(74, 180) 

9 

Diphosphothiamine 

Irreversible 

Condensation 

Carbohydrate 

(24) 

10 

Diphosphothiamine 

Irreversible 

Condensation 

Citrate 

(24) 

11 

Diphosphothiamine 

Irreversible 

Condensation 

Acetoacetate 

(24) 

12 

Diphosphothiamine 

Irreversible 

Condensation 

Succinate 

(24) 

13 

Diphosphothiamine 

Irreversible 

Condensation 

a-Ketoglutarate 

(24) 

14 

Unknown 

Reversible? 

CO 2 fixation 

Oxaloacetate 

(106) 


The excellent work of Lipmann (118) on the mechanism of pyruvate 
oxidation by acetone-dried preparations of Lactobacillus Delbruckii opened 
up an avenue of ample perspectives toward the understanding of the role of 
phosphorylations in respiration. Oxidation of pyruvate through an inter- 
mediary phosphate to acetyl phosphate, and transfer of the phosphate bond 
to ADP for the formation of ATP ready to provide its high energy of de- 
phosphorylation for the production of other chemical reactions was par- 
tially confirmed by Banga, Ochoa and Peters (13) in work with brain ex- 
tracts. Whether the oxidation of pyruvate proceeds via acetyl phosphate 
in all living cells is not yet known. There are indications, indeed, that there 
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are cells which oxidize pyruvate vigorously in the absence of phosphate. 
In fact, the rate of oxidation of pyruvate by thoroughly washed M. piUon- 
ensis was found to be the same in the presence and in the absence of phos- 
phate (unpublished experiments). Furthermore, the enzyme system for the 
oxidation of pyruvate is also different even among bacteria, for the oxida- 
tion of pyruvate in L. Delbriickii proceeds by reduction of alloxazine dinu- 


Table IV. 

Pyruvate UTmiZATioN of Living Cells in the Presence and in the Absence of 

Oxygen 


Oxydismutation coeffi^ent 


Pyr. utilized in Oa 


Pyruvate in cu. mm. per mg. per hr. 


Pyr. utilized in Na 

(data from unpublished experiments from this laboratory and from Barron and Lyman 

(23)). 


Cell 


Mammalian tissues (rat) 

Heart 

Diaphragm 

Abdominal muscle 

Liver 

Kidney 

Brain 

Spleen 

Testis 

Skin 

Invertebrate tissue 
Sea urchin egg non-fertilized 
Sea urchin egg fertilized 
Bacteria 

Streptococcus hemolyticus 
Staphylococcus alhus No. A 43 
Staphylococcus alhus No. A 4, 
8 years old 


pyruvate utilization 


In Os 

In Nt 

Oxy-dism. 

coeff. 

9.7 

5.2 

1.86 

8.1 

4.1 

1.98 

3.0 

1.7 

1.76 

6.5 

6.0 

1.08 

15.4 

7.4 

2.08 

9.0 

7.0 

1.28 

5.1 

2.6 

1.96 

9.0 

8.2 

1.10 

3.0 

2.8 

1.07 

0.02 



0.12 


•• 

10.5 

12.7 

0.82 

23.8 

12.6 

1.89 

29.0 

0 

« 


cleotide and oxygen while its oxidation by gonococci requires the cyto- 
chrome system (15). Pyruvate oxidation in sea urchin eggs seems to play 
an essential role in providing the energy necessary for fertilization, for the 
amount of pyruvate utilized by the eggs during the first hours of fertiliza- 
tion is five times greater than utilized by the nonfertilized eggs (18). The 
oxidation of pyruvate is not a general reaction; many bacteria, yeasts, 
plants, molds, protozoa do not oxidize it. It seems that tissues having a 
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powerful carboxylase system do not oxidize pyruvate; as carboxylase dis- 
appears from cells diphosphot hi amine combines with the activating protein 
of pyruvate oxidase and the pymvate oxidation system starts to function. 

The Role of Sluggish Oxidation-Reduction Systems in the Oxidation of 
Pyruvate. — In 1928, Quastel and Wooldridge (170) suggested for the first 
time that biological oxidations could be carried by the mediation of coupled 
reactions with other systems. In 1935 Borsook (33) gave some exam- 
ples of the realization in biological systems of this thermodynamic pos- 
sibility by oxidizing sluggish systems of negative oxidation-reduction 
potential with sluggish systems of more positive potential through the medi- 
ation of electroactive systems of suitable potential, the extent of oxidation 
of the sluggish system A by the sluggish system B being determined by the 
equation 


E',a 


- E\ 


RT, 


(A ox) (B lud) 
(A red) (B ox) 


where the intermediary catalyst and dissociation constants have been ig- 
nored for the sake of simplicity. In living cells flavoproteins act as the 
electron mediators between the reversible systems. The oxidation of phos- 
phoglyceraldehyde by pyruvate (52) with the formation of glycerophos- 
phate and lactate is an example. A further and more important applica- 
tion was that postulated by Szent-Gyorgyi (194), where pyruvate oxida- 
tion was assumed to be performed by electron mediation through the sys- 
tems oxaloacetate malate, fumarate succinate, cytochromes O 2 . 
Later Krebs added citric acid to these systems. Szent-Gyorgyi ’s postulate 
has solid thermodynamic bases, for both these systems have potentials 
suitable for carbohydrate oxidation {E'q of oxaloacetate malate at pH 
7, —0.102 volt; E'q of succinate fumarate, 0 volt), also the electron medi- 
ators Pyr(P 04 ) 2 , flavoproteins and the cytochrome system. The oxidation- 
reduction potential of the system isocitrate a-keto-/3-carboxyglutarate 
is unknown. Krebs^ ^^citric acid cycle'" is ingenious and attractive, for it 
provides a path for the gradual withdrawal of electrons and of CO 2 mole- 
cules for the complete breakdown of pyruvate, and every effort made for 
its verification is indeed commendable. Stare, et al. (183), from kinetic 
experiments doubt the validity of the scheme. Wood and Werkman, et aL 
(219) (after Evans and Slotin (63) demonstrated the presence of radioactive 
carbon in a-ketoglutarate produced in liver suspensions from pyruvate), 
studied carefully and completely with the aid of heavy carbon the state of all 
the postulated intermediary substances in the formation of a-ketoglutarate, 
and proposed a new scheme shown in Fig. 1 as slightly altered by Krebs 
(108). In this scheme, citrate becomes the blind alley that lactate is, and 
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the extent of its formation would be determined by the activity of aconi- 
tase. The introduction of the reversible system isocitrate cis-aconitate 
needs to be further studied. Isocitrate is oxidized by the protein-TPN 
system (2) ; and the introduction of this system would require either the 
transfer of electrons from PyT(P 04 ) 3 H 2 to another unknown system' or 
through the alloxazine mononucleotide of Haas, Horecker and Hogness 
(77) to cytochrome system and O 2 . The electron transfer, shown in Krebs^ 
scheme (107), from isocitrate to oxaloacetate is contrary to established fact 
because the reduction to malate is performed by Pyr(P 04 ) 2 H 2 . It becomes 
then essential to verify whether the oxidation of isocitric acid is catalyzed 
by the system protein-Pyr(P 04)3 + protein-alloxazine mononucleotide + 
cytochrome c -[Cytochrome oxidase. If the introduction of the reversible 
system isocitrate a-keto-jS-carboxyglutarate as another catalyst for car- 


Enoloxalacetic acid -f pyruvic acid -f- CO 2 ; 
Oxalocitraconic acid 
Citric acid cis-aconitic acid 
Isocitric acid 

ziu 


T1 


^ Oxaloacetic acid 
Malic^acid 
Fumaric Acid 

a 

Succinic 

t 

1 


a-Ketoglutarate 

Fig. 1. — The citric acid cycle without citric acid. Wood and Workman's modification 
of Kreb’s modification of Szent-Gydrgyi's cycle. 


bohydrate oxidation is demonstrated, it must be a relatively new feature, 
mostly confined to muscle (like creatine) because even among mammals 
this enzyme system is absent in some tissues. Among invertebrates very 
little has been done; the eggs of sea urchins did not utilize citrate. Most 
bacteria utilize citrate at a much lower rate than either glucose, pyruvate 
or succinate, and a large number of them do not utilize it (Table V). Higher 
plants (61, 144) and yeast (32), but not molds (196) contain the enzyme but 
in none of them is carbohydrate utilization increased on addition of citrate. 

Regarding the electron-mediator role of the other systems, oxaloace- 
tate malate, and fumarate ^ succinate, there is evidence that they might 
act as such much more widely than the isocitrate a-keto-jS-glutarate 
system. The distribution of the first system has not been studied method- 
ically; the distribution of the second is almost universal among living cells 
possessing cytochrome c. Sea urchin eggs, for example, which have cy- 
tochrome oxidase and no cytochrome c (105), are unable to oxidize sue- 
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cinate (12) ; yet they oxidize pyruvate. The catalytic role of these systems 
has been strikingly shown by Ochoa (161) and by Cori and his co-workers 
(43), in their work on phosphorylated oxidations. 

Regarding the pathway of pyruvate oxidation in plants, and the role of 
the enzymatic sluggish reversible systems, much remains to be done. The 
mechanism of formation of citric, malic, fumaric, succinic and oxalic acids, 
which accumulate in many plants (29, 169), must also be studied in the 
light of new accumulated knowledge; the formation of these organic acids 
might easily be explained by postulating the existence in plants of the en- 


Table 

(^OMPAKATIVE RaTES OF UTILIZATION OF PyRUVATE, CiTRATE AND a-KETOOLUTARATE BY 

Tissues and Cell Suspensions 


Figures give cu. mm. per mg. per hr. (unpublishwi). 


Tissue or cell suspension 

Pyruvate 

('itratf 

a-Ketoglutarate 

Mammalian tissue 




Kidney 

17.3 

5.6 

6.8 

Heart 

13.2 

4.3 

2.7 

Liver 

6.1 

1.5 

1.8 

Testis 

10.8 

0.4 

1.1 

Diaphragm 

7.3 

1.6 

1.3 

Rectus 

4.1 

0.6 

1.0 

Skin 

3.0 

0 

0 

Invertebrate cells 




Sea urchin fertilized 

0.1 

0 

0 

Bacteria 




Ps. aeruginosa 

50.0 

0.5 

1.5 

G. tetragina 

10.4 

0.2 

12.0 

Gonococci 

22.1 

0 

0 


zyme system responsible for Wood and Workman’s COa-fixation reaction, 
but proof Ls lacking. Moreover, most plants contain no a-ketoglutarate 
(169), and succinic oxidase has been found absent in some germinating 
seeds (Bartlett's unpublished observations in this laboratory). Pyruvate 
can be made to accumulate in saps from leaves of barley plants by addition 
of acetaldehyde (94), a fact which is taken by James and co-workers as 
indication that pyruvate metabolism in this plant is oriented mainly 
through decarboxylation. This conclusion is hardly valid because of the 
likelihood of loss of many oxidation enzymes during the process of sap for- 
mation (freezing and thawing method). 
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3, Aerobic Phosphorylation 

There are not yet sufficient data to explain the mechanism of the aerobic 
phosphorylations during the oxidation of pyruvate and glucose reported by 
Ochoa (161) and by Cori and his co-workers (43). As these important dis- 
coveries have extended the role of phosphorylations from the first anaerobic 
phase of carbohydrate breakdown (carbohydrate — > pyruvate) to the sec- 
ond oxidative phase (pyruvate CO 2 + H 2 O) and the third or resynthesis 
phase (pyruvate — > carbohydrate), the acquired facts must be summarized. 
On the oxidation of pyruvate to acetate by preparations from L. Del- 
briickii there is the in tei mediate formation of acetyl phosphate which in 
turn may tranafar its labile phosphate to P acceptor such as adenylic acid. 
In animal tissues, the oxidation of pyruvate requires the presence of the 
reversible system succinate fumarate (4, 13). During the aerobic phos- 
phorylation of glucose kidney extracts there is, in the disappearance of 
one mole of glucose, complete oxidation of 0.143 mole, and esterification to 
hexose diphosphate of 0.88 mole; in other words, for each molecule of glu- 
cose oxidized an additional 6 moles of glucose disappear, 5 of which are 
present as phosphate ester (43). "There is formation of phosphopyruvic 
acid in kidney extracts (addition of NaF) when fumarate is used as sub- 
strate (97), and in chopped muscle when lactate (64) or citrate (60) is used 
as substrate. ' These phosphorylations do not occur in the absence of oxy- 
gen (27, 97). Inorganic phosphate is transferred during these oxidations 
to all P acceptors, adenylic acid, creatine, glucose, glucose monophosphate 
(27). The phosphorylation of creatine in rabbit muscle during the oxida- 
tion of citrate is inhibited by arsenite (28). With these findings in mind, a 
study of Warburg's fundamental equation of oxidation and subsequent 
phosphorylation might be useful: 

H H OH 

H2PO3— C— C— C— O— PO3H2 

H OH H 

jr o 

H H K 

H2PO3— C— C— 6— O— PO3H2 

H OH 

O 

H H II 

H2PO3— C— C— C-D— P0,H2 

H I 
OH 

H 

HoPOa— 0 — C— C— COOH + ATP 
H I 

OH 


+ Pyr(P04)2 
-h Pyr(P04)2H2 

-f ADP 
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The step of biological importance in this reaction is the formation of an 
energy-rich phosphate bond during the oxidation-reduction process, 

0 

R— C— O— PO,H, R— 1:— 0— PO,Hs + H, 

OH 

and the transfer of this phosphate bond to other compounds able to form 
again energy-rich phosphate bonds, the energy of which may then be used 
for the activities of the cell: 

0 

R— I:— O— PO,H, + ADP - R— COO- + ATP 

By assuming the entry of phosphate into compounds with carbonyl groups 
(a reaction more general and not confined to Warburg^s reaction), Lipmann 
discovered the formation of acetyl phosphate. The oxidation of a-ketoglu- 
tarate to succinate by a-ketoglutarate oxidase requires an enzyme contain- 
ing diphosphothiamine (20) like that of pyruvate; it is therefore logical to 
assume that the intermediate product of this oxidation might be the energy- 
rich phosphate bond succinyl phosphate; the oxidation of isocitrate to 
a-keto-iS-carboxyglutarate might also bind phosphate at the carbonyl 
group; and finally enoloxaloacetate might form phosphoenoloxaloacetate. 
The entry of phosphate into these oxidation-reduction systems, with for- 
mation of a series of labile phosphate groups ready to phosphorylate ade- 
nylic acid and creatine, would explain the necessity of these systems in phos- 
phorylated oxidations. None of these phosphorylated compounds, how- 
ever, has been isolated from reactions in living cells. 

The necessity of phosphorylations in the oxidation of carbohydrates by 
organisms other than vertebrates has not yet been shown, although, as 
usual, the universality of its existence is assumed. Its ifiiportance in muscle 
activity has been proved, for here the phosphocreatine decomposed during 
the anaerobic process is reformed through the aerobic phosphorylations 
(26) and the hypothetical labile phosphate compounds already mentioned 
will transfer P to creatine, thus reforming phosphocreatine. James and 
Arney (92) believe that, since the presence of phosphate increases the res- 
piration of young barley seedlings, there is a link between respiration and 
phosphorylation. It should be noted that fermentation by phosphorylation 
and aerobic metabolism of pyruvate without phosphorylation will give also 
the results obtained by James and Arney. It is well to remember that 
plants display a great versatility in promoting interconversion of carbo- 
hydrates, many of which are known exclusively as products of plant metab- 
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olism. Furthermore, the activity of zymases in many plants is so vigor- 
ous (198) that hydrolytic splitting might not be an uncommon mechanism 
in plants. 

It must have been noticed that phosphate concentration exerts a power- 
ful action on the rate of many of the reactions in the anaerobic and the 
aerobic phase. Thus, to go back to Table I, the orientation of reaction 1 
depends both on the concentration of inorganic P and that of hexose ester; 
as a consequence, when the concentration of inorganic phosphate in the 
cells is increased, glycogen might be expected to be broken down. If glu- 
cose 1-phosphate formed is removed by other enzymes, the breakdown of 
glycogen will contiif^e until the concentration of inorganic phosphate has 
returned to the base level. When the concentration of phosphate is de- 
creased, reaction 1 will orient toward glycogen synthesis. The position of 
the equilibrium constant of reaction 9 depends also on the concentration of 
inorganic phosphate because of the phosphorylation of 3-glyceraldehyde 
phosphate and on the presence of P acceptors such as adenylic acid. The 
rate of oxidation of pyruvate depends also on the concentration of phos- 
phate, Other ions play a prominent role (Mg, H^, Mn, Ca). 

4. Isolated Enzyme Systems , Extracts^ Ground Tissues, Tissue Slices, the 

Living Cell 

In the living cell which iy a heterogeneous system, the varieties of proteins 
taking part in enzymatic reactions are separated from each other by semi- 
permeable membranes, and the whole is separated from the environment by 
another semi-permeable membrane. If living cells join together to form the 
society of multicellular organisms, the complexity of the chemical activities 
increases again by the interaction of the intercellular milieu, and the introduc- 
tion of regulating mechanism ; a hopeless task it would be indeed to study the 
mechanism of these biochemical activities without studying the individual 
chemical activities isolated from each other. But once the different enzyme 
systems are isolated, their equilibrium constants and kinetics determined, 
their distribution throughout the living kingdom established, their inter- 
actions studied, and the interaction of the intracellular and extracellular 
fluids determined, there still remains the task of verifying .whether in the 
living cells these chemical activities do take place as found in these solutions. 
In isolated enzyme systems we are dealing with solutions; in extracts and 
ground tissues we are dealing with broken cells with the architecture ruined 
to varied degrees, with the membranes destroyed, and proteins unfolded or 
precipitated. As a consequence, some reactions, only possible at the sur- 
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face of the membranes, might disappear altogether or diminish their rate. 
Others, which do not normally take place because of interposition of these 
membranes or other steric hindrances, will appear, especially those coupled 
oxidation-reductions (see Korr^s excellent review on oxidation-reduction 
in heterogeneous systems (104)) which might take part in carbohydrat(‘ 
breakdown. It is well to remember, therefore, that the enzyme chemist” 
has not solved nor will ho solve the chemical activities of the living cell if 
he does not constantly have in mind what the living cell is, and what 
controlling mechanisms are added to those cells as they go higher in their 
organization, in their evolutionary processes. A few examples might be 
given in support of these warnings. On work with tissues it is alleged that 
blood serum is the physiological fluid to use when determining in vitro their 
biochemical activities; such an assumption is, of course, false because the 
composition of the blood serum is not identical with that of the intercellular 
spaces of the particular tissue. Furthermore, in vitro work in closed vessels 
with animal tissue slices means a change from an open, circulating fluid 
where the ionic environment is kept constant to a closed system with fixed 
environment. According to Hastings and his co-workers (81), the synthesis 
of glycogen of rat liver is increased fourfold if the liver slices are suspended 
in a solution containing K and Mg at the concentrations found in the intra- 
cellular fluid, in the presence of glucose; glycogen formation in liver slices 
suspended in solutions resembling the extracellular fluid was very small. 
As Hastings very properly expresses : 

“The maintenance of a particular intracellular ionic environment is probably as im- 
|)o]’tant for the normal activity of certain intracellular enzymes as is the maintenance of 
a particular extracellular ionic environment for the maintenance of the normal activity 
of the cell as a whole” (81, p. 121). 

It is very well known that the re.spiration of tissue slices proceeds smoothly 
^^'hen suspended in Ringer solutions; when the tissue is ground, Ca must be 
eliminated and the concentration of NaCl must be diminished in order to 
have suspensions with constant Oa uptake (55). The metabolism of pyru- 
vate in liver slices is partly oriented toward condensation, dismutation and 
transaminations ; in ground liver, the metabolism is mainly oriented toward 
oxidation (unpublished experiments) ; furthermore, while the production of 
acetoacetate from pyruvate in rat liver slices disappears when the tissue is 
ground, it increases on grinding in the liver of pigeon (24). The respiratory 
quotient of kidney slices in Ringer-phosphate is 0.86 (7) ; kidney extracts 
oxidize glucose to CO 2 and H 2 O with a R. Q. of 1. The oxidation of d-amino 
acids by d-amino acid oxidase (protein-alloxazine dinucleotide) is insensi- 
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tive to HCN ; in kidney slices this oxidation is inhibited by HCN. Glucose 
oxidase (protein-Pyr(P04)3-flavoprotein) has been isolated from the liver 
(80) ; up to now the direct oxidation of glucose by liver slices has not been 
demonstrated. When Dakin discovered glyoxalase in 1913 (50) and Neu- 
berg (155) at the same time formulated his scheme of carbohydrate fer- 
mentation by glucose splitting to methyl glyoxal, fermentation via methyl- 
glyoxal was found to take place in more and more cells. Nobody now 
speaks of the role of glyoxalase in the breakdown of carbohydrate by the 
liver. 


IV. The Anabolic Process: Synthesis of Carbohydrate 

As has already been stated, all the series of reactions going from glyco- 
gen to pyruvate are reversible except No. 13 (Table I), the dephosphory- 
lation of phosphopyruvic acid. Energy is therefore required for reversing 
this reaction. The synthesis of glycogen starting from any of the other 
reactions might be accomplished by only adjusting the different factors 
determining the equilibrium reactions so that the reactions might go from 
right to left and upward. The demonstration of the continuous reversi- 
bility of these reactions from glucose to glycogen has been given by Colowick 
and Sutherland (44), who converted glucose to glycogen in vitro in the pres- 
ence of the different enzyme systems, phosphorylase, phosphoglucomutase, 
and isomerase obtained from muscle, plus hexokinase from yeast and adeno- 
sinetriphosphate. The reversal of the reactions from 8 to lactic acid was 
first demonstrated by Green, et al. (72); in this reaction, as shown by 
Meyerhof, ei al. (139), phosphopyruvic acid originating by equilibrium 
reaction from phosphoglycerate transferred the energy-rich P bond to 
phosphoglyceraldehyde, the over-all reaction being: 

PyrCPOd, 

Lactate + phosphoglycerate -f ATP ^ pyruvate -f phosphoglyceraldehyde -f 

adenylic acid -f H8PO4 

The phosphoglyceraldehyde formed presumably condenses to hexose 
diphosphate. The formation of phosphopyruvic acid from C4 dicarboxylic 
acids has also been shown, the reaction being an oxidative one (97). Resyn- 
thesis of carbohydrate from pyruvic acid and those C4 carboxylic acids 
was first demonstrated by Elliott, et al. (54) ; and the direct participation of 
pyruvate in this synthesis was shown by Barron and Lyman (23) in ex- 
periments with kidney slices from thiamin-deficient rats. Carbohydrate 
synthesis in these experiments was considerably below normal; it increased 
to normal values on addition of thiamin, thus proving that synthesis under 
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those conditions was brought about by pyruvate condensation. The mech- 
anism of this condensation process, for bacteria, was postulated by Wood 
and Werkman as a CO 2 fixation reaction (pyruvate + CO 2 = oxaloacetate). 
The existence of this reaction in animal tissues was made probable by the 
discovery of Evans and Slotin (63), who showed that when pyruvate is 
incubated with ground pigeon liver and C^^ 02 , the radioactive carbon is 
found in the carboxyl group of a-ketoglutarate; under the same conditions. 
Wood, et al. (219), found also inalate and fumarate containing heavy car- 
bon. Finally Lipmann (119) postulated the formation of phosphoenol- 
oxaloacetate, which would readily give phosphopyruvate. The striking ob- 
servations of Hastings and his co-workers on the formation of radioactive 
glycogen by rats when fed lactate or glucose and with NaHOaC^^ injected 
intraperitoneally have given strong support to the possibilities and pos- 
tulates mentioned above. In the first series of experiments (182) in which 
lactate was fed and NaHOaC^ injected, they found that the liver glycogen 
contained 0.65% of the total radioactive carbon injected; on feeding glu- 
cose and injected NaHOaC^^ they found that the figure rose to 0.87%, while 
the radioactivity of muscle glycogen was 0.035% (204). When lactate 
containing radioactive carbon in a- or /^-position was fed the glycogen con- 
tained 3.2% of the radioactivity while lactate with radioactive carbon in 
the carboxyl group contained only 1.6% (203). Their conclusions are in 
full agreement with the different facts observed and summarized above, and 
give the strongest indirect evidence of the existence in mammals of Wood 
and Werkman^s fixation reaction.* They are well aware that to postulate 
glycogen formation only via CO 2 fixation to pyruvate would be a fallacy in 
view of the reversibility of so many of the reactions of carbohydrate break- 
down. Extending to their experiments Schoenheimer^s conclusions on the 
dynamic equilibrium of reversible reactions (176) they agree that “the 
existence of equilibria between the various chemical components involved 
in the carbohydrate system causes a distribution of labeled carbon atoms 
introduced at any one state, into all the molecular species involved.^^ It 
mtist be recalled that since glycogen synthesis does not occur in the absence 
of oxygen, the energy required for this synthesis is provided by the energy- 
rich phosphate bonds formed during the oxidation of carbohydrate. An 

* There has recently appeared from the laboratory of Hastings (Buchanan, J. M., 
Hastings, A. B., and Nesbett, F. B., J. Biol. Chem.^ 145, 715 (1942)), a preliminary note 
showing conclusively that glycogen synthesis in the liver occurs via pyruvate condensa- 
tion. With rabbit liver slices, in a medium containing radioactive carbon as KHC“0|, 
1.67 per cent of the total radioactive carbon was found in the synthesized glycogen, ap- 
proximately 12 per cent of it being derived from (H-4) carbon. 
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appraisal of the contribution of these labile substances has to wait until 
the existence of the labile phosphorylated C 4 and C 5 compound has been 
disclosed. 

The synthesis of carbohydrates from fats probably occurs through the 
link between acetoacetic acid and p 3 rruvic acid. VVeil-Malherbe (216), in 
fact, observed the synthesis of carbohydrate by the kidney incubated with 
acetoacetate. 

Very little is known about the mechanism of carbohydrate synthesis in 
other organisms. In yeast, it possibly proceeds as in mammalian tissues. 
In plants, where CO2 plays an important role, the dark reduction of CO- 
builds the series of small carbon-containing molecules; the photochemical 
reactions play in ^ese CO3 reactions (reduction, fixation) the same role as 
that of the energy-rich phosphate bonds, that of increasing the efficiency of 
the COa reduction. It must be recalled that starch is formed by phos- 
phorylation. Very little is known about the mechanism of s 5 rnthesis of the 
variety of polysaccharides produced by molds, or about the mechanism of 
carbohydrate synthesis from acetate so readily performed by protozoa. 

The Role of Glutathione in Carbohydrate Metabolism. — Glutathione, 
the — SH group containing tripeptide, which after its discovery by Hop- 
kins (86) was thought to be one of the catalysts for cellular oxidations, 
has had an accidented career. That it does not belong to the group of 
electroactive oxidizing catalysts which constitute the last reversible step 
in the series of reactions between substrate and molecular oxygen was 
shown by its inertia toward molecular oxygen. And the function of this 
powerful reducing substance universally distributed amdng living cells, 
existing in greater concentration in embryonic cells, where the synthetic 
processes occur with greater intensity, is still shrouded in mystery. The 
demonstration of the presence of active sulfhydryl groups in the activating 
protein of succinoxidase by Hopkins and Morgan (87), the demonstration 
by Rapkine (171) that the activating protein of phosphoglyceraldehyde 
oxidase (Warburg^s oxidation enzyme of fermentation) contains also active 
— SH groups, and by Lehmann (112) that phosphoglucomutase is inacti- 
vated by GSSG and reactivated by GSH, made imperative a systematic in- 
vestigation of the other enzyme systems taking part in the breakdown and 
S 3 mthesis of carbohydrate. If the activating proteins of these systems con- 
tained also — SH groups essential for their activity, the role of glutathione in 
carbohydrate metabolism would become one of primary importance, for it 
would be that of reactivating — SH groups whenever there was oxidation 
or transformation of these groups. The presence of such — SH active groups 
became more probable on recalling Barron^s observations (15) on the la- 
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bility of pyruvate oxidase (a-ketonoxidase) ; the enzyine was promptly 
destroyed by 2,6-dichlorophenol indophenol, lost its activity on standing, 
although in the absence of oxygen the activity lasted longer. The presence 
of active — SH groups was detected by the use of mercaptan-forming com- 
pounds, alkyl-forming compounds and mild oxidizing agents. On inacti- 
vation of the enzyme by arsenicals or chloromerciiric benzoic acid (mer- 
captan-forming compounds), there was in every case reactivation by glu- 
tathione. The following enzyme systems (the activating protein) were 
found to contain — SH groups essential for enzyme activity: pynivate 


Table VI 

Active - SH Groups in the Activating Proteins of Enzyme Sysiems Taking Part 
IN Carbohydrate Metabolism 


Ensyme aystera 

Active 

— SH groups 

References 

Phosphorylase 

— 

(112) 

Phosphoglucomutase 

-h 

(112) 

Phosphoglyceraldehyde 

-f 

(171) 

oxidase 



Pyruvate oxidase 


This laboratory (unpublished) 

Pyruvate condensation 


This laboratory (unpublished) 

Lactic oxidase 

— 

This laboratory (unpublished) 

Carboxylase 

-h 

(75) 

Alcohol oxidase (liver) 


This laboratory (unpublished) 

Alcohol oxidase (yeast) 

-h 

This laboratory (unpublished) 

Malic oxidase 

4- 

This laboratory (unpublished) 

Citric oxidase 

— 

This laboratory (unpublished) 

a-Ketoglutarate oxidase; 

+ 

This laboratory (unpublished) 

Succinoxidase 


(87) 

d-Amino acid oxidase 


This laboratory (unpublished) 


oxidation, pyruvate condensation (synthesis of carbohydrate, synthesis of 
acetoacetate synthesis of a-ketoglutarate), malic oxidase, a-ketoglutaratc 
oxidase, and d-amino acid oxidase. Of all these enzymes it is the activating 
protein for pyruvate activation (oxidation, condensation) which seems to 
contain most of the active — SH groups at the outer surface of the protein, 
being, as a consequence, extremely susceptible to the action of mild oxidizing 
agents. In Table VI are tabulated all the enzyme systems concerned with 
carbohydrate metabolism where the existence of — SH groups has been prop- 
erly investigated. It can be seen from this table that the presence of — SH 
groups is essential for the activity of the activating proteins for fermen- 
tation (phosphoglucomutase, phosphoglyceraldehyde oxidase), for oxida- 
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tion (pyruvate oxidase, succinoxidase, malic oxidase, a-ketoglutarate 
oxidase), for condensation, acting possibly on Wood and Werkman's 
reaction — CO 2 fixation (carbohydrate synthesis), for amination (d-amino 
acid oxidase). The facile inactivation of all these enzyme systems by 
reagents combining with or oxidizing — SH groups and the complete re- 
activation by the addition of glutathione are offered as evidence for the 
important function of glutathione m carbohydrate metabolism. Glycoly- 
sis, direct pyruvate oxidation, pyruvate fixation of CO 2 , pyruvate oxida- 
tion through Szent-Gyorgyi^s cycle and carbohydrate synthesis are all 
processes whose optimal activities are maintained by glutathione whenever 
there has been impairment of the active — SH groups. There has been as 
yet no comparative study of this important problem. Suffice it to say that 
Chaix and Fromageot (39) have offered evidence for the presence of — SH 
groups in one or more of the enzyme systems for fermentation in Propioni- 
bacterium pentosaceum; that the presence of — SH groups in the enzyme 
from one cell does not mean that this enzyme will contain active — SH 
groups in all cells (yeast alcohol oxidase contains active — SH groups while 
liver alcohol oxidase does not contain them) ; and finally, that if glyoxalase 
takes part in carbohydrate metabolism, the role of glutathione would be 
extended to this system because the formation of lactic acid from methyl- 
glyoxal is accelerated on combination with glutathione (95, 122) : 


OH 

CH.COCi/ 




+ H20 


CHjCHOHCOOH + GSH 


The enzyme performs an inner Cannizzaro reaction with liberation of glu- 
tathione. 


V. Regulatory Mechanisms 

The rate of reaction of isolated enzyme systems, as determined by 
numerous investigators, is extremely high when compared with the rate of 
respiration in living cells or multicellular organisms (Table VII). It 
must therefore be controlled in the living cell. The usual physicochemical 
factors which govern the rate of those reactions in solution, the disposition 
of these enzymes in heterogeneous systems, and the interposition of inter- 
faces are the simplest mechanisms of regulation. Possibly many unicel- 
lular organisms possess only those mechanisms and well deserve to be 
called “pockets of enzymes.^' As the cell increases in efficiency, however, 
enzyme activities become controlled by specific controlling mechanisms 
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which in multicellular organisms freely circulate through the intercellular 
fluid and become distributed among the different cells of the organism. The 
nature of these specific regulatory mechanisms in bacteria and in plants is 
unknown. In invertebrates they become more differentiated. The res- 
piration of sea urchin sperm, for example, is maintained at a low level under 
the regulating influence of some substance possessing — SH groups; on 
dilution or on addition of CH 2 ICOOH or malonate (usual respiratory in- 
hibitors), the regulatory system becomes inactivated and the respiration 
is increased by 100% (19). In vertebrates, these specific regulatory mechan- 
isms increase in number and in specificity and control the rate of enzyme 


Table VII 

Rate of Reaction of Some Enzyme Systems Taking Part in Carbohydrate 

Metabolism 


(K = number of molecules undergoing reaction per minute) compared to rate of respira- 
tion (K — moles O 2 taken X gm. dry weight X min.) 


Enzyme system 

K 

References 

Catalase 

2.4 X 10« (0®) 

(184) 

Peroxidase 

1.5 X 

(100) 

Cytochrome oxidase 

2.3 X 10® (20°) 

(206) 

Zymohexase 

8.8 X 10® (38°) 

(83) 

Phosphoglyceraldehyde oxidase 

2.0 X 10* (20°) 

(212) 

Enolase 

1.0 X 10* (20°) 

(213) 

Hexose monophosphate oxidase 

2.9 X 10* (38°) 

(153) 

Acetaldehyde reductase 

2.9 X 10* (20°) 

(154) 

Respiration 



Azotobacier 

7.15 X 10-* 

(214) 

Retina (rat) 

2.28 X 10-® 

(178) 

Liver (rat) 

1.04 X 10-® 

(173) 


reactions by interaction among each other. In other words, these regula- 
tory mechanisms, hormones, do not act by increasing the rate of reaction of 
an enzyme system but by releasing or increasing or maintaining the inhibiting 
action of the specific hormones. Insulin was prepared in pure, crystalline 
condition by Abel in 1927 (1); catalase was isolated in crystal form by 
Sumner in 1926 (192). In the meantime, the enzyme systems for the break- 
down of carbohydrate are being isolated and purified, but in no chain of the 
series of reactions from carbohydrate to molecular oxygen does insulin 
appear (see Table I). The regulation of the blood sugar level must then be 
exerted by regulation of the rate of reaction of those enzyme systems con- 
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cerned with the formation and breakdown of glycogen to glucose, insulin 
being no component of an enzyme system. Gemmill, in fact (67), demon- 
strated an increase in glycogen synthesis in vitro by the diaphragm on ad- 
dition of insulin; the increased deposition of glycogen was not associated 
with an increased oxygen consumption. However, Hechter, Levine and 
Soskin (82) point out that insulin enables the tissue to form glycogen at 
low concentrations of glucose; addition of insulin to a medium containing 
400 mg. % of glucose had practically no effect on the glycogen formation. 
Whether insulin influences only the rate at which glucose penetrates the 
cell remains to be proved. The rate of synthesis of glycogen from glucose 
in the presence of phosphorylase, phosphoglucomutase, hexokinase, myo- 
kinase and ATP is independent of the presence of insulin (44). Adrenalin 
increases the rate of phosphorolysis of glycogen in muscle, there being an 
increased formation of glucose l-phosphate and a decrease of inorganic 
phosphate; in the isolated enzyme system it has no effect at all (45). The 
corticosterones produced by the adrenal cortex form also part of the regula- 
tory mechanism of carbohydrate metabolism. And the fundamental work 
which Houssay started in 1929 with his discovery that the removal of the 
pituitary from the diabetic dog produced a restoration of an apparently 
normal carbohydrate metabolism, gave the most striking evidence of the 
interaction of these regulatory mechanisms of carbohydrate metabolism in 
vertebrates. Thus, substances produced by the hypophysis, the pancreas, 
the adrenals, by interaction, by increasing or releasing specific regulations 
proper to one of them tend to maintain a regulated flow of energy and by 
thus doing increase the efficiency of the chemical activities of higher or- 
ganisms. 


VI. Orientation of Reactions (the Pasteur Effect) 

The cells belonging to the lowest group in the phylogenetic scale are un- 
doubtedly those able to live and multiply in the absence of oxygen in which 
the energy requirements are met by fermentation processes. Fermentation 
is much the simpler of the two processes, but at the same time the less 
economical because the largest part of the energy of the carbohydrate 
molecule remains in the lactic acid or the alcohol molecule. The greater 
energy requirements of morphologically and physiologically complex or- 
ganisms introduced atmospheric oxygen into the metabolism of living cells 
and thus respiration started. As soon as respiration appeared there arose 
the problems of orientation of reactions because most reactions are revers- 
ible and are interdependent. Aerobic cells in the absence of oxygen split 
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carbohydrate to lactic acid or alcohol; in the presence of air, oxygen is 
consumed, CO 2 is produced, fermentation is stopped, and carbohydrate 
splitting diminished. The intimate relation of these two processes the 
genius of Pasteur discovered, 

W. M. Clark expressed more than once his regret at having ever intro- 
duced the symbol rH into the field of oxidation-reductions because of con- 
tinuous misuse and misinterpretation. If Pasteur could contemplate the 
misuses and misinterpretations of his discovery of the relation between 
respiration and fermentation, his regret would be as keen as Clark's. 
Rurk in his presentation of the Pasteur and neo-Pasteur effects” (37) has 
discussed them thoroughly and they need not be repeated here. It is, 
however, important to quote Pasteur : 

**Free oxygen imparts to yeast an increased vital activity — If we. supply yeast with a 
sufficient quantity of free oxygen for the necessities of life, nutrition and respiratory 
combustion, it ceases to be a ferment, that is, the ratio between the weight of the plant 
developed and that of the sugar decomposed is similar in amount to that in the case of 
fungi. On the other hand, if we deprive the yeast of air entirely it will multiply just as 
if air were present, although with less activity, and under these circumstances its fermen- 
tative character will be most marked; under these circumstances, moreover, we shall 
find the greatest disproportion, all other conditions being the same, between the weight 
of yeast formed and the weight of sugar decomposed. . .if free oxygen occurs in varying 
quantities, the ferment p>ower of yeast may pass through all the degrees comprehended 
between the two extreme limits of which we have just spoken'^ (167, p. 259). **It must 
be borne in mind that the equation of a fermentation varies essentially with the condi- 
tions under which that fermentation is accomplished, and that a statement of this equa- 
tion is a problem no less complicated than that of a living being^' (p. 276). 

Pasteur’s foresight is strikingly confirmed as the mechanism of carbohy- 
drate fermentation and oxidation becomes clarified. Throughout this 
article emphasis has been made on the integration of the series of reversible 
processes that take place during fermentation and oxidation, and the in- 
terrelation between both processes. All these interrelations explain the 
Pasteur effect: The link between fermentation and respiration (see Fig. 2) 
may be produced at the different steps of the series of reactions of carbo- 
hydrate metabolism which in anaerobic conditions end either in lactic acid 
or in alcohol. One of these steps may be the oxidation of hexose mono- 
phosphate, as Engelhardt thinks; another may be the oxidation of trioses 
through coupled oxidations with the sluggish enzymatic reversible systems 
(oxaloacetate malate, fumarate succinate. The link may occur in the 
competition for Pyr(P 04)2 between lactate and oxaloacetate, as Ball pic- 
tured it (11). It may occur also after the formation of pyruvic acid, for 
part of it goes back to glycogen through condensation (aerobic resynthesis). 
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Fig. 2. — Pathways of carbohydrate metabolism; the Pasteur reaction. 
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The orientation of reactions will be affected by the oxygen tension (101, 
116); the temperature (110, 146, 53); the concentration of electrolytes 
(6, 40), of which that of phosphorus discussed by Johnson (96) is most im- 
portant since its concentration determines the orientation of reaction 1, 
and 8 of Table I and that of phosphorylative oxidations. In vertebrates 
where the regulatory mechanisms become more complex with the appear- 
ance of the specific regulators, hormones, the orientation of reactions is also 
affected by their interaction (41). Figure 2 shows not only the complexity 
of the Pasteur effect, but also the futility of all those brave attempts that 
are still being made to pin down the Pasteur effect to a single cause. Of 
these attempts, that of Laser (111) (increased lactate formation without 
decrease in respiration observed in the presence of 02 :C 0 mixtures) has 
been studied by Stern and Melnick (185), who found that there was under 
such conditions formation of an Fe-porphyrin-CO compound of absorption 
spectrum somewhat different from that of cytochrome* oxidase. Without a 
careful study of the chemical reactions taking place in the retina when it is 
suspended in a solution saturated with 02 :C 0 (glucose, hexose phosphates, 
lactate, pyruvate) and a similar study of extracts from retina, no other con- 
clusion is warranted than that inactivation with CO of an iron porphyrin 
compound produces in retina an increased acid formation, the O 2 uptake 
remaining normal. 

The Pasteur effect, inhibition of fermentation by O 2 , visualized in Fig. 2, 
is a phenoirienon present in all living cells able to ferment and oxidize car- 
bohydrate; however, the complexity of the regulating mechanisms that 
link fermentation to respiration diminishes as the cells go down the phylo- 
genetic scale. 

VII. Summary 

Of all the foodstuffs, it is carbohydrate which is used the most for the 
energetics of cell activities. Unicellular organisms may break it by simple 
splitting, as in the Gsy-Lussac equation, and may build carbohydrate by 
dark thermal reactions of CO 2 reduction, of CO 2 fixation. The appearance 
of oxygen in the air, and that of electroactive oxidation-reduction systems — 
alloxazins — made possible carbohydrate oxidation ; either directly without 
previous phosphorylation as in fungi, or soon after phosphorylation as in 
some bacteria. Increased efficiency of fermentation was achieved by the 
introduction of energy-rich phosphate bonds which made possible the pro- 
duction of a series of reversible phosphorylations, and an intermediate re- 
versible oxidation-reduction. In plants, increased efficiency in carbohy- 
drate formation was made possible by the appearance of chlorophyll, which 
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increased the efficiency of CO2 reduction thus accelerating the series of 
dark, thermal COa reactions. Increased efficiency of carbohydrate oxida- 
tion started when the porphyrin nucleus of chlorophyll combined with iron, 
and the iron-porphyrin on combining with proteins gave a number of 
cytochrome components. A series of reversible oxidation-reduction sys- 
tems, some of them sluggish, some enzymatic-sluggish, some electroactive, 
were thus interspersed between the carbohydrate and molecular oxygen, 
releasing energy by the smooth and gradual flow of electrons. Pyruvate, 
the hub toward which comes fermentation, from whence starts oxidation, 
was reduced under anaerobic conditions to lactic acid in animals, was de- 
carboxylated to acetaldehyde and this reduced to alcohol in plants. In 
animals increasecf^efficiency in carbohydrate formation was reached, l)y 
the replacement of chlorophyll by energy-rich phosphate bonds which make 
possible crossing the barrier interposed V)y the irreversible dephosphoryla- 
tion of phosphopyruvic acid. Continuous interaction among these 
reversible oxidatien-reduction.s, with electrons flowing to oxygen, 
with electrons flowing back to the synthesis of carbohydrate, was regulated 
by the establishment of regulatory mechanisms, which, on becoming more 
and more numerous as the activities of the multicellular organisms in- 
creased, reached the high degree of specificity and interaction in the hor- 
mones of animal organisms. As living cells march forward in their evolu- 
tionary process, their energy-producing mechanisms become more and more 
reversible, approaching the ultimate state, the state of equilibrium. 
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Scope and Layout of the Article 

The study of intermediary metabolism usually proceeds at two levels. 
At the first level the aim is to identify the intermediary compounds de- 
rived from the substrate molecule. When the intermediates have been 
discovered the second level can be approached — the study of the enzymes 
concerned with the activation of the intermediates. The present review is 
confined to the first level. 

The article is in two parts. The first deals mainly with experimental 
observations and its object is to describe the basic facts on which the 
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present analysis of the biological oxidation of carbohydrate rests. It 
begins with a discussion of some principles of experimentation. This is 
followed by an account of the substances which have been found to be 
oxidizable in material metabolizing predominantly carbohydrate and which 
are therefore likely to be intermediates in the oxidation of carbohydrate. 
After this the biochemical reactions of these ^^possible” intermediates are 
described. 

The second part deals mainly with theoretical aspects. It is based on 
the facts recorded in the first part and its object is to discuss the reaction 
schemes designed to describe the intermediate stages of carbohydrate 
oxidation. 

The review centers around work on muscle tissue, the most thoroughly 
studied material so far, but reference to other materials, including micro- 
organisms, is frequently made and the similarities and differences between 
the various materials are discussed. 

L Experimental Findings 

1, Methods of Experimentation 

Chief Principle. — Much importance is attached in the present analysis 
to ^^the fact that the body, though the seat of a myriad reactions and 
capable perhaps of learning, to a limited extent and under stress of cir- 
cumstances, is in general able to deal only with what is customary to it'' 
(Hopkins (1)). Relying on this fact one would expect that a tissue which 
under physiological conditions metabolizes only carbohydrate, will be able 
to deal only with carbohydrate and its metabolic derivatives when the 
range of its metabolism is examined by experiment. Conversely, if sub- 
stances are added to such a tissue and are found to be metabolized they 
must be associated with carbohydrate metabolism. In practice, of 
course, there is no tissue and no cell whose metabolism is limited only to 
carbohydrate, but materials are available where the metabolism of car- 
bohydrate decisively predominates. Chemical reactions found in ex- 
periments on such a material are probably , but not certainly y associated with 
carbohydrate metabolism. 

The application of this principle has been a most profitable method of 
experiment in the study of carbohydrate oxidation. Alone and in con- 
junction with other methods (discussed in the following paragraphs) it has 
supplied the majority of the facts on which the present theory of the inter- 
mediary mechanism of carbohydrate oxidation is based. 
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Muscle as Experimental Material. — Striated muscle is a tissue in 
which carbohydrate is the predominant substrate for oxidations (see Gem- 
mill (2)) and to which the above principle can therefore be applied. It has 
hot been possible to demonstrate a direct oxidation of fat, fatty acids or 
glycerol in muscle (though it is probable that muscle can utilize fat in- 
directly, e. g.j after Conversion into carbohydrate or into acetoacetate, but 
under suitable conditions the utilization of the latter is negligible compared 
with the oxidation of carbohydrate). Only three amino acids — glutamic 
acid, aspartic acid and alanine — are known to be oxidized in muscle and 
these amino acids are closely interlinked with carbohydrate metabolism, 
for their immediate breakdown products — a-ketoglutaric, oxaloacetic and 
pyruvic acids — are also intermediates in carbohydrate breakdown. It 
follows from these considerations that a substance which is rapidly metabo- 
lized in muscle may be expected to be associated with carbohydrate 
metabolism. 

Muscle offers the further advantage of an exceptionally high rate of 
metabolism; for the higher this rate, the greater is in general the chance of 
obtaining chemical changes sufficiently large to be detected and measured. 
Different muscles show very considerable variations in their metabolic 
rates. The highest rates are found in mammalian heart and in pigeon 
breast muscle — the chief muscle employed in flying and therefore one of the 
most powerful muscles in the animal kingdom. These tissues have been 
extensively used in the study of carbohydrate oxidation. 

Tissue Preparations. — Most of the recent work on the subject was carried out on iso- 
lated tissues which were either sliced, or minced, or extracted. Extracts of muscle and 
other tissues (Meyerhof (3)) contain the enzyme systems responsible for the anaerobic 
conversion of carbohydrate into lactic acid, but they are unable to bring about the major 
oxidations by molecular oxygen; oxidations frequently sewn to be associated with 
'Vater-insoluble” constituents of the tissue and this is the reason why suspensions of 
minced tissue rather than extracts have commonly been used for the study of oxidative 
processes. Earlier investigators (Thunberg (4); Batelli and Stern (5)) chose solutions 
of phosphates as media. More recently (6, 7, 8) these have been replaced by isotonic 
and balanced salt solutions usually containing NaCl, KCl, MgS04 or MgClj and phos- 
phate buffer, e. p., 1000 ml. 0.9% NaCl; 40 ml. 1.16% KCl; 10 ml. 3.84% MgS04*7H,0 
and 300 ml. phosphate buffer, pH 7.4, the latter being prepared by dissolving 17.8 g. 
NaiHP04-2H20 and 20 ml. N HCl in 1 liter (8). Such a medium often gives higher 
metabolic rates than simpler media consisting of phosphate buffer only, or of isotonic 
sodium chloride solution (8, 9). Calcidm salts inhibit oxidation in minced tissues and 
are therefore omitted. 

While breakdown reactions such as the oxidation of carbohydrate appear 
to take place in minced tissues at rates occurring in the intact organ, mine- 
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ing, unlike slicing, more or less destroys the ability of the tissue to perform 
more complex reactions, e. g., the synthesis of urea, or the Pasteur effect. 
It seems that mincing destroys, or damages^ the mechanisms for the 
transmission of energy and thereby the ability to carry out syntheses. 

An important factor in the use of minced tissue is the proportion of 
medium to tissue (10). If this proportion rises above 15 to 1 with pigeon 
breast muscle, and with some tissues above 3 to 1, the metabolic rates of 
the tissues fall. The decrease is approximately proportional to the degree 
of ‘^dilution’’ of the tissue. This effect of dilution can be explained by the 
assumption that a reaction between more than two partners (e. gf., a 
ternary collision) determines the velocity of the metabolic reaction. The 
probability of a fl^nary collision decreases in proportion to the dilution. 
If one volume of enzyme solution is diluted with one volume of water the 
number of ternary collisions is halved in the total volume of the mixture. 
The effect of dilution is frequently that expected for a ternary collision. 

Under optimal conditions the rate of respiration of minced tissues appears 
to be of the order of the maximal rate — as opposed to the rate of the resting 
tissue — occurring in the intact organ. Heart muscle provides an op- 
portunity, not given by skeleton muscle, of comparing the relative rates 
in minced tissue and in physiologically active tissue. Smyth (11) found 
that the oxygen consumption of minced heart approaches the highest values 
for the heart working at maximal effort. 

Use of Inhibitors. — ^^Specific^^ Inhibitors , — Enzyme inhibitors, espe- 
cially ‘^specific” inhibitors, are valuable reagents in the analysis of inter- 
mediary metabolism. An ‘^ideaP^ specific inhibitor paralyzes one enzyme 
only, when added to a complex system of enzymes. As far as the enzymes 
taking part in carbohydrate breakdown are concerned, only one inhibitor 
is known which in certain circumstances comes within, or at least closely 
approaches, the definition of an ‘fideaF^ inhibitor. This substance is 
malonate (12). In low concentrations (0.001 — 0.005 M) malonate prob- 
ably acts exclusively upon succinic dehydrogenase. At higher concen- 
trations it may possibly interfere with other dehydrogenases (13, 14, 15) 
but this point requires further investigation. 

If an enzyme, or enzyme system, which activates the breakdown of an 
intermediary metabolite is specifically inhibited the substrate of the 
enzyme must accumulate. Thus malonate causes an accumulation of 
succinate. The accumulation of the substrate is the most important 
criterion of a specific inhibition (of the type of enzyme in question). 
Specific inhibitions have often been claimed when it was found that a 
poison inhibits only one among a number of tested enzymes. Leloir and 
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Dixon (16), for instance, found that pyrophosphate inhibits succinic de- 
hydrogenase, but has no effect on seven other dehydrogenases. They 
concluded that pyrophosphate probably resembled malonate and that its 
inhibitory effect on tissue respiration (Dixon and Elliott (17)) is due to the 
inhibition of succinic dehydrogenase. In fact, pyrophosphate, unlike 
malonate, does not cause an accumulation of succinate (18), and its in- 
hibitory effects must therefore essentially be due to interference with 
other enzymes.* 

^^Selective” Inhibitors. — The writer prefers to call inhibitors of the pyro- 
phosphate type “selective’’ rather than specific inhibitors. The number 
of selective inhibitors is considerable. lodoacetate, arsenite, fluoride, 
glyceraldehyde, phlorizine and tartronate belong to this group (for details 
the reader is referred to Cohen’s review (20)). 

If an ideal specific inhibitor inhibits a comph'x metabolic process it can 
be concluded that the inhibited enzyme takes part in the process. Thus 
the malonate inhibition of muscle respiration, or of pyruvate oxidation in 
certain tissues, indicates the participation of succinic dehydrogenase in 
these processes. In the case of a selective inhibitor no more than a sug- 
gestion can be derived from the inhibition of a complex process. For 
instance, if fluoride is found to be an inhibitor this merely suggests, but 
cannot be taken as conclusive evidence, that phosphorylated intermediates 
are involved. There is thus a difference in the nature of the conclusions 
which may be drawn from specific and from selective inhibitions and this 
justifies a distinction between the two types of inhibitors. 

Factors Affecting the Accumulation of Intermediates. — The amounts of an 
intermediate which accumulate may be limited by the fact that the metabo- 
lism of some intermediates is interlinked with the metabolism of other 
intermediates. Thus a breakdown product of succinate — oxaloacetate — is 
required in those reactions which lead to the formation of succinate (as 
discussed later). Hence the accumulation of succinate will prevent the 
new formation of succinate. A similar case is that of phosphoglyceric 
acid formed during alcoholic fermentation. Fluoride causes an accumu- 
lation of this substance, but thereby also prevents its re-formation from 
glucose. In such cases the accumulation of larger quantities of the sub- 
strate will occur only if the loss of the normal precursor is compensated by 
the addition of a suitable substitute precursor, i. e., fumarate in the first 
case, hexose-diphosphate in the second. 

* With reference to the statement of Adler, v. Euler, Gunther and Plass (19) that pyro- 
phosphate inhibits specifically isocitric dehydrogenase it may be mentioned that no iso- 
citrate is found in pigeon breast muscle poisoned with pyrophosphate (18). 
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Competitive Inhibitions by Substrates. — If several oxidizable substances 
are present together in respiring material, they compete for the available 
oxygen (10, 21). This is illustrated by the following figures (21) which 
represent the oxygen uptake of bakers’ yeast, suspended in 0.05 M KH 2 PO 4 
at 17 ^ 


Substrate added 

Q02 

None 

- 6.4 

0.05 Af glucose 

-81.5 

0.02 Af djMactate 

-72.6 

0.05 Af glucose -j- 0.02 M d,Wactate 

-81.5 


Whereas each substrate, when added alone, causes a large increase in the 
respiration, there is no summation of the individual effects when the sub- 
strates are present together. In other words, certain oxidizable sub- 
strates inhibit the oxidation of other substrates. If the second substrate 
is an oxidation product of the first, this inhibition will cause the accumula- 
tion of an intermediate. For example, high concentrations of citrate 
(0.05 M) inhibit the further oxidation of the primary oxidation product, 
a-ketoglutaric acid. The latter accumulates and can be isolated as the 
dinitrophenylhydrazone. This principle is capable of general application. 
An excess of succinate causes an accumulation of fumarate and malate; 
an excess of oxaloacetate causes an accumulation of citrate, a-ketoglutarate 
and succinate (18).* 


Metabolic Quotients.- 


rates in terms equivalent to the expression Q 02 


It has proved convenient to many workers to express metabolic 
, . _ / /il. Oj used \ . , . , ^ 


/ Ml.' 
ymg. tis 


I introduced by War- 


ymg. tissue X hour J 

burg (22). All metabolites are expressed as / 4 I. gas, 1 millimole being taken tis equivalent 
to 22,400 The disappearance of a substance is expressed by the minus sign, the 
formation by the plus sign. This notation is used throughout this review. 


2. Survey and Classification of Substances Metabolized in Muscle Tissue 

Thunberg (4) was the first to examine systematically the oxidizability of organic 
substances in isolated animal tissues with the object of analyzing intermediary metabo- 
lism. Using the methylene blue technique and a micro-respirometer, he tested (1900- 
1920) the oxidation of over 60 organic substances, chiefly in muscle tissue. He discov- 

* A competitive inhibition explains the observation that malonate increases the oxida- 
tion of added citrate in muscle (31). In the absence of malonate citrate competes with 
its oxidation products, among them succinate and malate. Malonate removes the 
ability of these substrates to compete and thus facilitates the oxidation of citrate. 



Table I 

List of Substrates Which Can Be Metabolized in Muscle Tissue 

(Excluding substances acting as catalysts or carriers, e, g.^ coenzymes, adenylic acid, phosphagen. The figures in parentheses 

refer to references.) 
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ered the rapid oxidation of the salts of a number of acids, viz.^ lactate, succinate, fuma- 
rate, malate, citrate and glutamate. Thunberg*s results were confirmed and extended by 
Batelli and Stem (5) and later investigators. Batelli and Sterfi (5) appreciated the 
significance of these findings when they wrote, ^^Man kann annehmen, dass der die Oxy- 
dation dieser Sauren bewirkende Prozess mit dem der Hauptatmung der Gewebe iden- 
tisch ist.^^ 

In subsequent years the work of Embden, Meyerhof, Robison, Cori and Cori and War- 
burg (see 23) on the anaerobic breakdown of carbohydrates added many further sub- 
stances, mainly phosphorylated compounds, to the list of intermediary metabolites in 
muscle tissue. 


Table II 

Effect of Variou^^ubstances on the Oxygen Uptake of Minced Pigeon Breast 

Muscle 

(The data refer to 4 ml. suspension; containing 270 mg. (fresh weight) muscle; medium: 
30 parts 0.1 M phosphate buffer, pH 7.1, prepared by dissolving 17.8 g. Na 20 HP 04 ‘ 2 H 20 
and 33.3 ml. N HCl in 1 liter, 5 parts 0.1 Af MgCb; 40° C.; final substrate concentration 

0.01 M.) 


Substrate 
added : 

- 

Citrate 

Aconitate 

dl-lBO- 

citrate 

a-Keto- 

glutarate 

Suc- 

cinate 

pi. Oa absorbed: 







20 min. 

445 

720 

667 

637 

632 

745 

40 min. 

715 

1173 

1125 

1035 

1190 

1262 

60 min. 

845 

1593 

1540 

1435 

1740 

1740 

120 min. 

1005 

2160 

2040 

1959 

2620 

2620 

Substrate 
added : 

- 1 

Fumarate 

i(-) 

Malate 

Oxalo- 

acetate 

Pyru- 

vate 

i(+) 

Glutamate 

'i(-) 

Aspartate 

pi. Oa absorbed : 







20 min. 

588 

580 

675 

537 

612 

505 

40 min. 

1062 

1080 

1180 

^977 

1090 

945 

60 min. 

1612 

1570 

1670 

1337 1 

1570 

1365 

120 min. 

2488 

2455 

2554 

1982 ; 

2488 

2098 


These metabolites can be classified into three groups (Table I). The first comprises 
the substances arising from carbohydrate anaerobically . The second contains substances 
which can all be considered as arising during, or being connected with, the biological 
breakdown of citric acid. The substances listed in both these groups are relatively 
rapidly metabolized. The third group comprises compounds which are but slowly 
metabolized and are therefore not likely to be intermediates in the major metabolic 
processes of muscle tissue. 

The addition of the substances of the first group to minced muscle suspensions fre- 
quently fails to increase the rate of the oxygen uptake, presumably because of the 
saturation of the tissue with carbohydrate or lactate. The substances of the second 
group generally increase the respiration of minced muscle suspension. An experiment 
illustrating the magnitude of the effect is shown in Table II. The effect of the added 
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substances often jz;rovvs with time as the rate of respiration falls off in the control,. The 
substanee.s prevent to some extent this fallkig off and thus “stabilize” the initial rate. 

Diff(*rent investigators agree on the reality and on the magnitude of the effect shown 
in Table II, except in the case of citrate. Thunberg (27), Batelli and Stern (5) and Krebs 
and Johnson (28) found that citrate is rapidly oxidized; Breusch (29), Thomas (30), and 
Stare, Lipton and Goldinger (31) were unable to confirm this. These discrepancies are 
probably due to the fact that the effect of citrate, cis-aconitate and isocitrate and of other 
substrates depends, among other factors, on the ionic composition of the suspension 
medium (18). If plain phosphate buffer, or “phosphate saline,” is used (15 parts to 1 
part tissue) the effects of citrate are irregular; even strong inhibitions are found. These 
inhibitions and irregularities are abolished when magnesium chloride is added to the 
medium (see Table III). Magnesium ions are an essential constituent of the coenzyme 
complex of muscle respiration (Greville (7)). Added citrate “de-ionizes” magnesium 
(32), as it “de-ionizes” calcium, and thus causes inhibitions. 

Table III 

Effect of the Medium on the Rate of Oxygen Uptake in the Presence of Various 

Substrates 


(Minced pigeon breast muscle suspended in 14 parts medium; medium 1 contained 
0.085 M phosphate buffer, pH 7.1 ; 0.03 M NaCl; 0.014 M MgCh; medium 2 was “phos- 
phate saline”; 40° C.; the data refer to 4 ml. suspension.) 


Medivim: 

Substances added 
(final concentra- 
tions 0.01 M): 

1 

1 

Citrate 

i(V) 

Gluta- 

mate 

2 1 

1 

Citrate 

•> 

1( + ) 
Gluta- 
imvte 

2 

MgCb; 

citrate 

mI. O 2 absorbed: 
after 20 min. 

607 

850 

705 

605 

565 

810 

760 

after 60 min. 

1302 

2035 

1965 

1275 

1140 

2190 

1660 

after 120 min. 

1585 

2840 

3160 

1570 

1230 

3400 

2390 


Secondary inhibitions of various types are not infrequently encountered when sub- 
strates are tested for their oxidizability. In some instances high concentrations of the 
added substrate's cause a fall in the oxygen uptake, presumably because of a competitive 
inhibition of dehydrogenases. This is true for oxaloacetate (33) and citrate (18) which 
inhibit succinic dehydrogenase and possibly other enzymes. Negative results or rela- 
tively low rates of rea^rtion therefore do not always prove that an added substance cannot 
readily react. Only if a variety of different conditions has been tested is it justifiable to 
assume that th(^ substrate in question cannot be metabolized or that its rate of metabo- 
lism is too low to allow the assumption that it is an intermediate in a major metabolic 
process. 

3. Biochemical Reactions of Substances Metabolized in Muscle Tissue 

This section deals With biochemical reactions of those substances listed 
in Table I which, on account of the rapid oxidation in muscle, may be 
expected to be intermediates in carbohydrate oxidation. The substances 
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of the ^'glycolysis series^' are omitted from the following discussion, as their 
reactions have been fully reviewed eMewhere (23). 

Reactions of Citrate. — Conversion into a-Ketoglutarate. — Until 1937 
the pathway of the citric acid breakdown was obscure. Earlier investiga- 
tors expected that the biological oxidation might begin at the hydroxy 
group (like the oxidation by permanganate in acid solution) yielding ace- 
tone dicarboxyiic acid and carbon dioxide. Experiments by Walker 
and his collaborators (34) suggest that this might, in fact, be the case in 
Aspergillus niger and Pseudomonas pyocyanea (though this has been ques- 
tioned by Deffner (35)). It certainly does not apply to animal tissues 
or cucumber seeds (36, 37). Barthel (38) believed hydroxycitric acid 
(H02C-CH2-C((5S)(C02H)-CH(0H) C02H) to be an intermediate in the 
bacterial decomposition of citric acid but this suggestion, it appears, has 
never been put to the test of experiment. 

Wagner-Jauregg and Rauen (39) made considerable progress in the 
elucidation of the citric acid oxidation when they found in 1935 that 0.5 
molecule O 2 is used and 1 molecule CO 2 is formed per molecule of citric acid 
oxidized by "citric dehydrogenase'^ from cucumber seeds, and, further- 
more, that isocitric acid reacts at least as rapidly as citric acid while 
ketipic, acetoacetic, citraconic, oxaloacetic and acetic acids are inactive. 
The authors, however, failed to identify products of the oxidation. Mar- 
tins and Knoop (40, 41) succeeded in solving this problem. Working with 
"citric dehydrogenase" from liver they discovered that the oxidation of 
citrate yields a-ketoglutarate which was isolated as the 2,4-dinitrophenyl- 
hydrazone. This result was confirmed for muscle tissue (42). 

The conversion of citrate into a-ketoglutarate can best be demonstrated in ^^citric 
dehydrogenase’ ' preparations (which appear to be unable to oxidize a-ketoglutarate) or 
in tissue suspensions poisoned with As20a (42). This inhibitor suppresses, though not 
quantitatively, the oxidation of a-ketoglutarate, while it does not interfere with the 
reactions leading from citrate to a-ketoglutarate. Some a-ketoglutarate accumulates 
in the absence of poisons, when citric acid is added to respiring tissues in high concentra- 
tions (0.05-0.1 M) (18). These concentrations decrease the oxygen uptake and the 
oxidation of substrates other than citrate. 

The formation of a-ketoglutarate from citrate has so far been observed 
in animal (liver, muscle, kidney) and plant (cucumber seeds) material, but 
not in bacteria or in molds. Deffner (35), Franke and Deffner (43), 
Brewer and Werkman (44) and Slade and Workman (45) have studied the 
anaerobic decomposition of citrate in B. lactis {Aerohacter) aerogenesy Aero^ 
bacter indologenes and Streptococcus paracitrovorus and have come to the con- 
clusion that the cleavage of citrate into oxaloacetate and acetate (C 02 H*- 
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CH2C(0H)(C02 H)CH 2C02H = C02 HCH 2 -C 0C02H + CH3CO2H) 
is probably the first stage in the breakdown of citrate in these organisms. 

Equilibrium between Citratey Isocitrate and Cis-Aconitate . — Martins (46) 
has shown that the conversion of citrate into a-ketoglutarate is preceded 
by the rearrangement of citrate to isocitrate, cfs-aconitate being an inter- 
mediate: 

CO 2 H . CH, • C(OH) • CH 2 • CO 2 H (Citric acid) 

(!:o,h 


+ H,0 


- H.0 


CO,H-CH, CH .CH CO,H (cis-Aconitic acid) 

(io,H 


- HjO 


+ H,0 


CO,H CH,-CH CH(OH)-CO,H (Isocitric acid) 

Martins (46) fonnd that the three tricarboxylic acids are interconvertible 
in the presence of tissne extracts. They form an eqnilibrinm when ap- 
proximately 80% citric acid, 4% aVaconitic acid and 16% isocitric acid 
are present (40°; pH 7.4) (Johnson (47)). These fignres shonld be re- 
garded as provisional; they will have to be revised when the analytical 
methods for the determination of the acids, especially of isocitric acid, 
have been perfected. 

Isocitrate formed enzymically from citrate or m-aconitate is optically 
active. Martins (46) isolated the componnd in the form of the methyl 
ester of lacto-isocitric acid and found [aji? to be —61.50 in dioxan. A 
similar value (—65.3°) was observed by Bruce (48) for the methyl ester of 
lacto-isocitric acid from blackberries — so far the only biological material 
where isocitric acid has been found to occur in quantities. The rotation 
increases much on addition of ammonium molybdate (as is the case with 
other a-hydroxy acids), [a]D being +413 when 5 ml. neutralized lacto- 
isocitric acid are mixed with 0.5 ml. glacial acetic acid and 4.5 ml. saturated 
ammonium molybdate. 

Isocitric acid possesses two asymmetric carbon atoms and it should therefore exist in 
six different forms, four being optically active (d,d; lyl; l,d; dyl) and two being racemates 
(dfd/lfl; dyl/lyd). So far only one active form and one synthetic (49, 50) racemate 
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(which may be a mixture) have been isolated. Of the synthetic isocitric acid 50% are 
metabolized (46, 18). This is somewhat unexpected and may be explained by the as- 
sumption that either the enzymes can attack two active forms, or that the synthetic 
substance is not a mixture of the two racemates but contains only one of the two possible 
racemic forms. Martius (46) prefers the second alternative. In support of this view it 
can be pointed out that the instability of certain racemates has been shown for sub- 
stances related to isocitric acid, tnz., ethylparaconic acids* (51) where all six forms have 
been isolated; one pair of the racemic forms was found to be unstable and to be readily 
rearranged to the stable form. 

Aconitase. — The name “aconitase’^ has been suggested for the enzyme, 
or enzymes, responsible for the interconversion of citric, aconitic and iso- 
citric acids (52). The action of aconitase — the reversible hydration of a 
double bond — is analogous to that of fumarase though the configuration of 
the double bond differs in the two cases, being m- in the former and trans- 
in the latter. Jacobsohn and Tapadinhas (53) report that some tissue 
extracts, for instance, from leaves of the medlar (Mespilus germanica L.), 
hydrate m-aconitate but not fumarate; further that fluoride inhibits 
aconitase, but not fumarase, while mono-iodoacetate inhibits fumarase 
but not aconitase. These findings indicate that fumarase and aconitase 
are different enzymes. 

Jacobsohn, et al. (54, 55), believe that the formation of ^socitrate and of citrate from 
aconitate requires two different aconitases which they name or- and |3-aconitase according 
to the position of the hydroxy group formed through the agency of the enzyme (isocitric 
acid being considered as an <>-hydroxy and citric acid as a /^-hydroxy acid). However, 
the evidence supporting this view, i. e., certain alleged variations in the relative rates of 
two reactions, is not convincing. It has not been possible to separate the activity of the 
two enzymes. 

Aconitase occurs in most, if not all animal tissues which are metabolically 
active. It has also been found in plants, e. g., cucumber seeds, wheat and 
rye grains, peas, soya beans, and in bacteria (46, 53, 54, 55). It is absent 
from yeast. 

Enzymes Concerned with the Metabolism of Citrate, — Aconitase appears 
to be the only enzyme activating citrate directly. As Martius (46) points 
out ‘^citric dehydrogenase^^ is, in fact, isocitric dehydrogenase plus aconi- 
tase. Some properties of isocitric dehydrogenase have been described by 
Adler, et al. (19). 

Reactions of a-Ketoglutarate. — Conversion into Succinate. — The first 
experiments on tiiC metabolism of a-ketoglutarate were those of Neuberg 
and Ringer (56) who showed that fermenting yeast and ^‘putrefying' 
bacteria convert the ketonic acid into succinic acid. The formation of 

* Lacto-isocitric acid is a carboxyparaconic acid. 
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succinate in animal tissues, though it had been postulated by earlier 
workers on the grounds of analogy with the metabolic behavior of other 
a-ketonic acids, was first demonstrated by Krebs and Johnson (28). In 
muscle tissue succinate appears in large quantities when a-ketoglutarate 
is oxidized in the presence of malonate. 

Dismutations of a-Ketoglutarate . — ^Two different anaerobic dismutations 
of a-ketoglutarate occur in animal tissues. Weil-Malherbe (57) found the 
following reaction: 

2 a-ketoglutaric acid -f HjO « a-hydroxyglutaric acid + succinic acid -f CO 2 

The rate of this reaction, as indicated by the increase in carbon dioxide production on 
addition of a-ketoglutaric acid is fairly small as shown by the following figures (58) : 


Tissue 

Without Qcoj 

With 0.02 M 
a-ketoglutarate 

Sliced guinea pig kidney 

2.0 

3.1 

Sliced rat kidney 

2.4 

3.4 

Sliced rat liver 

6.4 

7.5 

Sliced guinea pig brain 

0.8 

1.7 

Sliced rat spleen 

1.2 

1.3 

Minced pigeon breast muscle 

0.1 

1.6 


In kidney cortex, and to a lesser extent in heart muscle a-ketoglutarate 
may undergo another type of dismutation resulting in the synthesis of 
glutamic acid: 

2 a-ketoglutaric acid + NHa *= glutamic acid + succinic acid -f CO 2 

The following data indicate the rate of the reaction, as measured by the anaerobic carbon 
dioxide output: 


Tissue 

Substrate 

Qco» 

Guinea pig kidney (sliced) 

None 

2.0 


0.02 a-ketoglutaratc 

3.1 


0 . 02 jlf a-ketoglutarate ; 0 . 02 N H 4 CI 

7.9 

Sheep heart (minced) 

None 

0.2 


0 . 02 M a-ketoglutarate 

0.7 


0 . 02 Jf a-ketoglutarate ; 0 . 02 NH 4 CI 

2.1 


As compared with the oxygen uptake (Q 02 for both tissues being —30 to —40 under 
similar conditions) the rate of reaction is low. 

Reactions of Succinate . — Formation of Fumarate . — Batelli and Stern (59) discovered 
malate (which they believed to be optically inactive) as a product of the oxidation of 
'succinate. Einbeck (60) showed later that fumarate is the primary product and that 
malate is formed by secondary hydration of the fumarate. Dakin (61) showed the 
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malic acid formed in muscle to be levorotatory. This is also true for the malic acid 
formed in other tjrpes of cells including microorganisms and plants. 

Reactions of Fumarate and 1( — )Malate . — Equilibrium between and \{ — )Malate , — 
The tissues of higher animals, of many plants, and of many bacteria contain the enzyme 
fumarase which catalyzes the reversible reaction 

-fH,0 

Fumarate 7 — 1( — )malate 

- H3O 

The enzyme has not been found in yeast (62), The intercon version of the two acids is 
usually very rapid compared with their formation or decomposition, at least in animal 
tissues (63), and the acids are therefore commonly encountered in their equilibrium 
mixture. The position of the equilibrium depends on the temperature (Jacobsohn, 64). 
Krebs, Smyth and FfWins, Jr. (65), found the following figures for the composition of the 
equilibrium mixture at pH 7.4. 


Temperature 

„ l(-)malate 

Ratio “7 — 

fumarate 

50“ C. 

2.65 

40° C. 

3.17 

30° C. 

3.54 

20° C. 

4.57 


Data on the relative fumarase activity of various mammalian tissues are given by 
Breusch (63). 

Oxidation to Oxaloaceiate . — By analogy, e. g., with /3-hydroxybutyrate 
(Embden (66)) and crotonate (Friedmann (67)) it had long been expected 
that the biological oxidation of fumarate and malate would yield oxalo- 
acetate. That this is actually the oxidation product was first demonstrated 
by Hahn and Haarmann (68) and later confirmed by Green (69). Szent- 
Gyorgyi (70), Green (69) and Laki (71) have discussed the question whether 
fumarate is oxidized directly. Differences in opinion have been settled 
and the consensus is now that fumarate is not oxidized as such, but only 
after conversion into malate. 

Redicction to Succinate . — Succinic dehydrogenase also catalyzes the 
hydrogenation of fumarate (Quastel and Whetham (72)). Suitable hydro- 
gen donators are leucomethylene blue and dihydrocozymase. The re- 
duction is observed in animal tissues when fumarate is added anaerobically, 
but the rate of this reaction is relatively slow, and the nature of the hydro- 
gen donator is not clear in this case. Green's (69) experiments suggest 
that malate might be the hydrogen donator, according to the equation: 


Fumaric acid + malic acid — succinic acid + oxaloacetic acid 
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but as Green worked with artificially constructed enzyme systems his ex- 
periments only show that the above reaction can occur; to what extent it 
occurs in the tissue remains to be studied. 

The following figures make it doubtful whether the reduction of fumarate is of major 
importance. When 267 mg. pigeon breast muscle, suspended in “phosphate saline*' 
containing 8 X 10“‘ moles of fumarate, were incubated anaerobically for 30 minutes, 
0.9 X 10"^ moles of succinate were formed by reduction. The same quantity of muscle, 
when incubated aerobically with 8 X 10~* moles of succinate, formed 16 X 10“^ moles 
of fumarate and malate. Thus the rate of the reduction of fumarate was less than 6% 
of the rate of the oxidation of succinate (18). 

In certain bacteria, c. p., Escherichia coli and Aerobacter aerogenes, the 
reduction of fumarate is much more rapid than in animal tissues (10). If 
fumarate is the only available substrate and if the conditions are anaerobic 
one molecule of fumarate undergoes complete oxidation and serves as a 
hydrogen donator for 6 other molecules: 

7 Fumarate « 6 succinate -f 4 CO 2 

If other oxidizable substances are present, e. g., glucose, lactic acid, glycerol 
or acetate, these can act as hydrogen donators (10). Similar reactions 
have been found to occur in propionic acid bacteria (73). The rate of the 
anaerobic reduction of fumarate in the organisms mentioned is of the same 
order of magnitude as the rate of oxidation of succinate by molecular 
oxygen. 

Reactions of Oxaloacetate. — Decarboxylation, — Like all i3-ketonic 
acids, oxaloacetic acid is unstable in aqueous solution; it undergoes the 
^^ketone decomposition^' into CO 2 and pyruvic acid: 


CO 2 H CH 2 CO CO 2 H * CO 2 + CH, C0 C02H 

at pH 4 and 20® the rate of the ketone decomposition varies between 6 
and 18% per hour (74). It is lower in neutral solutions. The reaction 
is catalyzed by amino compounds, including amino acids, proteins, aniline, 
and by multivalent inorganic ions (Mg, Cu, Al) (74). Tissue suspensions 
also catalyze the decomposition (75, 76, 77, 78, 29) but as boiled tissue has 
much the same effect as fresh material, it is very doubtful that the reaction 
is due to a specific enzyme. There can be no doubt, however, that Micro- 
coccus Uisodeikticus possesses a heat labile enzyme system which catalyzes 
the decarboxylation of oxaloacetate (Krarapitz and Werkman (79); 
(18)). Magnesium ions are a component part of this system, whereas 
cocarboxylase is not. 
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RediLction to Malate and FumaraJte. — ^Szent-Gyorgyi and his team (70, 80) 
discovered in 1935 that suspensions of pigeon breast muscle and other 
tissues are capable of reducing added oxaloacetate with great rapidity, the 
main reduction product being a mixture of malate and fumarate. For 
instance, 0.4 g. muscle suspended in 4 ml. medium was found to reduce 
more than 4 mg. oxaloacetate in 5 minutes. The rate of reaction is some- 
what lower in other tissues (29, 81). Escherichia coli (10), propionic acid 
bacteria (73) and many other bacteria (18) also reduce oxaloacetate. 

Where fumarate can be reduced to succinate, as in Escherichia coli or 
propionic acid bacteria, succinate is the main end product of the reduction. 
In animal tissue^^e reduction of fumarate is very slow as compared with 
its formation from oxaloacetate and the chief product is, therefore, the 
equilibrium mixture of fumarate and malate. 

Formation of Citrate and Related Substances. — When oxaloacetate is 
added to muscle suspensions, decarboxylation and reduction never account 
for the total oxaloacetate which disappears (80, 29). Under conditions 
where the nonenzymic decarboxylation is small, the yield of malate and 
fumarate does not exceed 75%; it is generally of the order of 50% (81). 
The remaining fraction can be accounted for largely as a-ketoglutarate and 
citrate, the yield of the former being 10-25%, that of the latter, 1-2% 
(28, 81). The yield of citrate depends among other factors on the concen- 
tration of oxaloacetate. Only at fairly high concentrations (0.05-0.1 M) 
is citrate found in appreciable quantities. The yields of a-ketoglutarate, 
on the other hand, are almost independent of the concentrations of added 
oxaloacetate. The simultaneous formation of citrate and a-ketoglutarate 
may not be unexpected in view of the ready conversion of the former into 
the latter. 

With regard to the mechanism of the formation of citrate, it is of interest to record two 
test tube experiments with oxaloacetate. Knoop and Martius (82) have shown that a 
mixture of oxaloacetate and pyruvate, dissolved in aqueous sodium carbonate, forms 
citrate when treated with hydrogen peroxide. The primary step in this reaction is in 
all probability an aldoi condensation and this is followed by oxidative decarboxylation . 


CO2H CH2 CO CO2H -f CH3 CO CO2H 

1 

C02H.CH2C(0H)*C02H 

CH2COC02H 

i +0 

C02H.CH2C(0H)C02H 

CHi COaH -f CO2 
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Claisen and Hori (83) found that 2 molecules of ethyl oxaloacetate con- 
dense in the presence of potassium acetate to form the triethyl ester of 
oxaloaconitic acid: 

COOCiUs 

in, 

^ io 

djOOCjHo 

While in the first case the condensation leads to a hydroxy acid (citric 
acid) the reaction product is an unsaturated compound (an aconitic acid 
derivative) in the second. 

^^Fermentation” of Oxaloacetate . — The anaerobic reactions of oxalo- 
acetate in animal tissues and in bacteria may be regarded as fermentations, 
i. e.y coupled oxido-reductions occurring in the absence of molecular oxygen. 
The reductive formation of malate and fumarate is coupled with the 
oxidative formation of citrate and a-ketoglutarate. The two stages of the 
‘^fermentation’^ may therefore be formulated thus: 

2 Oxaloacetate -f pyruvate “malate’^ -H “citrate” + CO2 
Oxaloacetate 4- “citrate” — ► “malate” -|- a-ketoglutarate + CO2 
The over-all effect of the two reactions is: 

3 Oxaloacetate -f- pyruvate -► 2 “malate” 4- a-ketoglutarate 4- 2CO2 (1) 

In these schemes “malate” stands for the system: fumarate 1( — ) malate 
and “citrate” for the system citrate ^ cfs-aconitate isocitrate. 

Experimentally the pyruvate taking part in reaction (1) will usually, 
though not always, arise by decarboxylation of oxaloacetate. In this 
case reaction (1) becomes: 

4 Oxaloacetate 2 “malate” 4- a-ketoglutarate 4- 3CO2 (2) 

Data on pigeon breast muscle agree fairly well with these schemes (1) 
(2) (81). Complete agreement cannot be expected, owing to various side 
reactions such as the reduction of fumarate to succinate, the oxidation of 
a-ketoglutarate to succinate and the formation of pyruvate from carbohy- 
drate derivatives (81). 

The “fermentation” of oxaloacetate in bacteria is somewhat different in 
detail though the underlying principle is the same. The common principle 
is the reduction of one fraction of the added oxaloacetate coupled with the 
oxidation of another fraction. The difference is in the nature of the oxi- 
dative and reductive reactions. In animal tissues the reduction leads 


COOC2H5 

(in CHCOOC2H5 

I i 

ioOH (ioOCsHi 


+ C2H2OH 
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mainly to ^‘malic acid.’^ In EscherHchia coli and in propionic acid bacteria 
it proceeds further to the stage of succinate. The details of the oxidative 
process in Escherichia coli are not yet clear. The main end product is 
carbon dioxide. In propionic acid bacteria the oxidative equivalent is, 
among others, the reaction pyruvate ' = acetate + CO 2 . 

Reactions of Pyruvate. — Rate of Removal. — In most animal tissues, 
and in many other living cells, added pyruvate causes an increase in the 
oxygen uptake and a removal of the pyruvate. 

Data on the rate of the oxidative decomposition of pyruvic acid in various animal 
tissues are given in the following table. 


Rate of Removal of Pyruvate by Animal Tissues (8, 11, 28, 84, 85) (40®) 


Tiaaiu* 

Qpyruvate 

A 

Rat brain (sliced) 

-9 

Rat liver (sliced) 

-9 

Rat kidney cortex (sliced) 

-23 

Rat spleen (sliced) 

-5 

Rat testis 

-14 

Rat intestine 

-3 

Pigeon breast muscle (minced) 

-15 

Sheep's heart (minced) 

-8 

Pigeon liver (minced) 

j -45 


Pyruvate also disappears under anaerobic conditions, but generally at a 
considerably lower rate. 

Factors Affecting the Oxidation of Pyruvate in Muscle. — In pigeon breast 
muscle (8) or in mammalian heart muscle (Smyth (11)) malonate and 
fumarate (or malate) have characteristic effects on the rate of the oxidative 
removal of pyruvate. 

Malonate inhibits the oxidation. The inhibition is, for instance, 77% 
at O.OOl M malonate, and 92% at 0.025 M malonate (8). Most, if not all, 
of the removal of pyruvate remaining in the presence of 0 025 M malonate 
is due to anaerobic reactions which are not appreciably inhibited by 
malonate. 

Fumarate abolishes the inhibitory effects of malonate. The extent of 
the fumarate effect depends on the relative concentrations of malonate and 
of fumarate: if the malonate concentiation is low (0.001 M) the inhibitory 
effect is completely removed by 0.0025 M fumarate; if the malonate con- 
centration is high (0.025 M) fumarate restores the oxidative removal of 
only an equivalent quantity of pyruvate. In the absence of malonate, 
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fumarate has only a slight effect on the oxidation of pyruvate. These 
facts are illustrated by the following data (8) : 

Oxidative Removal of Pyruvate by Pigeon Breast Muscle (8) 


(4 Ml. muscle suspension containing 267 mg. fresh muscle; 0.02 M pyruvate.) 



[ Suh8ta;jco8 

addod 

Ab.solute 
quantity 
of added 
fumarate, /xl. 

ti\. pyruvate used 

^ 1 . extra 
pymvatc used 
on additi»)n 
of fumarate 


()0 min. 

ISO min. 

Expt. I 

None 


556 

793 



0.0025 M fumarate 

224 

672 

928 



0.001 M malonate 
0.001 M malonate; 


40 

184 



0.0025 M fumarate 

224 

666 

928 

744 

Expt. II 

None 


868 

1046 



0.025 M malonate 


76 

92 



0.025 M fumarate 

0.025 M malonate; 

224 

740 

1005 



0.025 M fumarate 

224 

244* 

313 

221 


Incomplete Oxidation in Muscle in the Presence of Malonate. —When no 
inhibitor is added, the oxidation of pyruvate in minced muscle is usually 
complete. Per molecule of pyruvate 2 V 2 molecules of O 2 are absorbed and 
3 molecules of CO 2 are formed. In the presence of malonate and fumarate 
the rate of pyruvate removal may be ‘‘normal/’ but the products of oxi- 
dation are different. The oxidation is incomplete. Per molecule of 
pyruvate and fumarate present, approximately 2 molecules of O 2 are ab- 
sorbed and 3 molecules of CO 2 are formed ( 5 V 2 molecules of O 2 and 7 
molecules of CO 2 are calculated for the complete oxidation of the two 
substrates). As a product of incomplete oxidation succinate appears in the 
solution in quantities approximately equivalent to the amounts of pyruvate 
and fumarate used. The data agree roughly with the equation : 

Fumarate + pyruvate -f 2 O 2 = succinate -f 3 CO 2 + H 2 O 

According to this equation the amounts of fumarate, pyruvate and suc- 
cinate should be equivalent. Experimentally (8) the following proportions 
were found 1:1.35:0.99; 1:1.19:0,90; 1:0.98:0.81. Such deviations from 
the above equation can easily be explained by side reactions (8), 

Formation of Citrate and, a-Ketoglutarate in Muscle. — Fumarate yields 
small quantities of citrate and a-ketoglutarate on addition to respiring 
muscle suspensions. The amounts of both substances are much increased 
when pyruvate and fumarate are added together, while pyruvate alone 
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yields no significant quantities of the two substances. In terms of the 
added fumarate the yields of a-ketoglutarate reach 50% and those of 
citrate 15% (8). 

Oxidation to Acetate, — The formation of acetate from pyruvate has long 
been known to take place in bacteria. In animal tissues acetate was 
identified as an oxidation product of pyruvate by Krebs and Johnson (28), 
by Weil-Malherbe (57) and by Long (86). 

Reduction to Lactate. — The reduction to lactate is regarded as the final 
step in the formation of lactate from carbohydrate. The hydrogen donator 
is in this case a triose phosphate (diphosphoglyceraldehyde), cozymase 
acting as a hydrogen carrier. 

Dismutations. —^rehs and Johnson (28) and independently Lipmann (87) 
and Weil-Malherbe (57) found that pyruvate dismutes anaerobically in 
animal tissues according to the following equation: 

2 Pyruvate -f HaO = lactate + acetate -|- COa (3) 

The rate of this reaction varies from tissue to tissue. It can be con- 
veniently measured by the determination of the extra carbon dioxide 
formed on addition of pyruvate under anaerobic conditions. Examples 
(28) are given in the following table. 



1 Qco» 

Tissue 

Without 

With 0.02 M 


pyruvate 

pyruvate 

Rat liver (sliced; first 40 min.) 

4.8 

13.4 

Rat liver (sliced; second 40 min.) 

1.5 

3.1 

Pigeon liver (sliced) 

4.0 

7.9 

Rat kidney (sliced) 

2.1 

5.9 

Rat brain cortex (sliced) 

0.4 

3.3 

Rat testis 

1.0 

5.0 

Pigeon breast muscle (minced) 

0.3 

1.8 

Sheep heart (minced) 

0.1 

1.3 


It is noteworthy that the reaction is comparatively slow in minced muscle 
where the aerobic oxidation is very rapid. 

The dismutation of pyruvate also occurs in Staphylococcus aureus and 
albuSf Streptococcus faecalis and in the gonococcus (88, 89), furthermore in 
Lactobacillus delbrueckii (90) and under some conditions — at low pH — in 
Escherichia coli (21, 91). 

A second type of dismutation — an intramolecular dismutation — occurs 
in Escherichia coli (21), Streptococcus haemolyticus (89), Aerobacter aero- 
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genes (18) and Proteus vulgaris (18), resulting in formation of acetate and 
formate : 


CHj CO COaH -f H 2 O = CHa CO 2 H + HCO 2 H (4) 

Although this is a cleavage reaction in which the elements of water are 
taken up, it is not a hydrolysis, any more than reaction (3) is a hydrolysis. 
Both (3) and (4) are oxido-reductions, or ^ 'fermentations^^ of pyruvate 
which yield energy. 

Krebs and Johnson (28) (see also Weil-Malherbc (57) and Green, et aL 
(92)) have presented evidence which indicates that in animal tissues either 
one or both molecules of pyruvate in (3) can be replaced by other a- or 
/3-ketonic acids, e. g.y a-ketoglutarate, acetoacetate and oxaloacetate. 

Decarboxylation. — Yeast extracts — though not intact yeast cells -con- 
vert pyruvate anaerobically into acetaldehyde and CO 2 : 

CH.CO-COiH = CHaCOH + CO 2 

Green, et al. (93), observed the same reaction with a purified enzyme ob- 
tained from sheep heart. This presents a puzzle, for cardiac or skeletal 
muscle, unlike yeast, seems to be unable to metabolize added acetaldehyde 
in appreciable quantities. This has been taken to indicate that acetalde- 
hyde is not a major intermediate in muscle metabolism. It is not impos- 
sible that the enzyme of Green, et al.y has undergone a modification during 
the purifying process and is thus an artifact. Further work is required to 
elucidate the matter. 

Synthesis of Acetoacetic and fi-Hydroxyhutyric Acids. — Annau (94) and 
Kdson (95) have shown that liver forms acetoacetate on addition of 
pyruvate. The yields are considerably increased when ammonium chloride 
(94, 95) or malonate (94, 96, 97) are also present, as seen in the following 
table. 


Formation of Acetoacetate from Pyruvate (95, 97) 


Tissue 

Suhstratoa added 

Qacetoao«tate 

Rat liver (well nourished, sliced) 

None 

0.22 

Rat liver (well nourished, sliced) 

0.01 Af pyruvate 

0.44 

Rat liver (well nourished, sliced) 

0.01 M pyruvate; 

0.04 A/NH 4 CI 

1.96 

Rat liver (well nourished, sliced) 

0.04 M NH 4 CI 

0.77 

Pigeon liver (minced) 

0.03 Af pyruvate 

0.95 

Pigeon liver (minced) 

0.03 Af pyruvate; 
0.025 Af malonate 

5.8 
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The formation of acetoacetate is generally accompanied by a formation 
of some jS-hydroxybutyrate. The methods available for the determination 
of small amounts of )3-hydroxybutyrate, however, are not specific and the 
data presented by various authors (28, 95, 96), therefore, contain an 
element of uncertainty. The formation of acetoacetate from pyruvate 
has so far been demonstrated in liver only. Krebs and Johnson (28) ob- 
served a small “/3-hydroxybutyrate’^ formation in muscle and other tissues 
on anaerobic incubation with pyruvate which, as just pointed out, re- 
quires confirmation by independent methods. 

Synthesis of Glutamine and a~Ketoglutaric Add, — Orstrom, Orstrom, 
Krebs and Eggleston (98) found that avian liver is capable of synthesizing 
glutamine from ffimonium pyruvate and expressed the view that the 
synthesis of a-ketoglutarate is probably an intermediary step in this re- 
action. Evans (97) showed that a-ketoglutarate is, in fact, formed in 
considerable quantities wh^i pigeon liver is incubated with sodium pyru- 
vate. Qketogiutarate was, for instance, 8.5, while Qgiutamine the experi- 
ments of Orstrom, et al., was 3-5. 

This synthesis of a-ketoglutarate differs from that taking place in muscle 
in that it occurs without the addition of a four-carbon dicarboxylic acid. 
In muscle a-ketoglutarate is not formed in quantities unless pyruvate plus 
fumarate, or oxaloacetate, are added. 

Carhoxylation , — ^The synthesis of a-ketoglutarate in pigeon liver is 
accompanied by the fort\iation of considerable quantities of malate and 
fumarate and smaller quantities of citrate and succinate (Krebs and Eg- 
gleston (84)). The simultaneous appearance of these substances might 
at first be taken as a matter of course, since they are inconvertible, if the 
conditions are aerobic. However, the substances also arise from pyruvate 
under anaerobic conditions when an oxidative conversion of a-ketoglutar- 
ate into fumarate is impossible. Moreover, even aerobically the total 
absorption of oxygen was found to be too small — ^under certain conditions — 
to account for a primary synthesis of a-ketoglutarate, and subsequent 
oxidation to succinate, fumarate, malate and citrate. 

The substances arising from pyruvate in pigeon liver are the same as 
those formed on addition of oxaloacetate. The proportions in which the 
substances appear are similar with oxaloacetate and with pyruvate, while 
the rate is more rapid with oxaloacetate (Table IV). 

The simplest explanation for the fact that pyruvate and oxaloacetate 
yield the same products is the assumption that pyruvate is first converted 
into oxaloacetate by combining with carbon dioxide: 

CO2H CO CH, + CO,-H. CO,H CO CH, CO,H 


(5) 
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To prove the occurrence of this reaction it would be ideal to demonstrate 
the removal of pyruvate and carbon dioxide and the formation of stoichio- 
metric quantities of oxaloacetate. As it happens, however, oxaloacetate 
is one of the most reactive substances among intermediary metabolites in 
animal tissues; 1 mg. (dry weight) of pigeon liver can metabolize 0.011 mg. 
oxaloacetate in 1 minute (not counting the decomposition to pyruvate and 
carbon dioxide (18)). In pigeon breast muscle the rate of reaction is of the 
same order (80). This is about ten times as much oxaloacetate as may be 
expected, on account of the yields of a-kefoglutarate, fumarate and malate, 
to arise under similar conditions, from reaction (5). Hence the prospects 
of a successful isolation of the oxaloacetate formed by reaction (5) are very 
slight, if not nil. 


Table IV 

Anaerobic Metabolism of Pyruvate and Oxaloacetate in Pigeon Liver 


Substrato: 

Pyruvate 

Oxaloacetate 

Substrate used 

Metabolites formed 

890 /il. 

1344 m1. 

Succinate 

45 m 1. (yield 5.1%) 

61 jul. (yield 4.5%) 

a-Keto^utaratc 

131 k1. (yield 14.7%) 

197 4 - (yield 14.6%) 

Fumarate -|- malate 

334 m1. (yield 37.6%) 

580 m 1. (yield 43.1%) 

Citrate 

12^1. (yield 1.3%) 

11 Ail. (yield 0.8%) 


The data for pyruvate are taken from Krebs and Eggleston (84), those for oxaloaeetate 
from Evans (97). The yields are expressed as percentage of substrate used. Period of 
incubation: 60 minutes in the pyruvate experiment, 40 minutes in the oxaloacetate 
experiment. The figures refer to 4 ml. liver suspensions containing 400 mg. tissue (wet 
weight). 

There remains the alternative method of identifying oxaloacetate from 
its derivatives. ^^Derivatives^' of oxaloacetate, in this connection, are the 
substances which arise from oxaloacetate in the anaerobic fermentation, 
viz., a-ketoglutarate, fumarate, malate, citrate and succinate. While 
the formation of one or two of the substances may not be specific for 
oxaloacetate, the complete combination of the five substances in definite 
proportions, as shown in Table IV, must be regarded as specific for oxalo- 
acetate, for no other substance (except pyruvate) is known to give this 
combination anaerobically. In the view of the writer, the conclusion that 
pyruvate is converted into oxaloacetate according to reaction (5) is there- 
fore inescapable. This conclusion is further supported by the observation 
that the rate of pyruvate removal, and of a-ketoglutarate formation, is 
dependent on the concentration of bicarbonate and carbon dioxide (84). 
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The direct participation of carbon dioxide in the synthesis of a-ketoglutarate was 
demonstrated with the help of carbon isotopes by Evans and Slotin (99) and later by 
Wood, Workman, Hemingway and Nier (100). The fixed carbon was found to be pres- 
ent in the carboxyl group adjacent to the carbonyl. The second carboxyl of a-keto- ' 
glutarate contained no measurable quantities of the isotope. The location of the fixed 
carbon is a matter of great importance, for it allows conclusions to be made with regard 
to the mechanism of the formation of a-ketoglutarate. This is discussed later. Wood, 
et al. (101), also showed that the malate fumarate and succinate formed anaerobically 
from pyruvate, as expected, contain fixed carbon in their carboxyl groups. 

Already before carbon isotope experiments on animal tissues or bacteria 
were published, Krebs and Eggleston (84) came to the conclusion ^^that the 
force of the cumuijfctive evidence leaves little doubt about the occurrence 
of reaction (5).’^ Such doubts as then existed were due to the entirely 
novel feature of an '^assimilation^^ of carbon dioxide in animal tissues. The 
tracer experiments have since established carbon dioxide assimilation be- 
yond doubt and the writer therefore regards the evidence for the occurrence 
of reaction (5) in pigeon liver as complete. 

The available evidence indicates that carboxylation does not occur in 
muscle, at least not at a rate comparable with that in liver, for muscle, un- 
like liver, does not synthesize significant quantities of a-kfetoglutarate 
from pyruvate. On the other hand, brain and guinea pig kidney cortex 
like pigeon liver appear to synthesize (though at a slow rate) glutamine 
from ammonium pyruvate (104, 18) and on the grounds of analogy it is 
probable that this involves the carboxylation of pyruvate. 

As regards the occurrence of carboxylation in bacteria and molds, the 
reader is referred to the review of Workman and Wood (103). 

Reactions of Acetate. — Oxidative Removal . — When acetate is added to 
slices of kidney cortex, the oxygen uptake increases and the concentration 
of the bicarbonate of the medium gradually rises (85, 105). This increase 
in the bicarbonate concentrations indicates a removal of the added acid, 
either by complete oxidation or by conversion into a neutral substance. 
The highest rates of acetate removal, as measured by the formation of 
bicarbonate (more specific micro methods are lacking), has been found in 
guinea pig kidney cortex where Qbicarbonate is 7 to 8. Brain and liver of 
guinea pig give a Qbicarbonate value between 1 and 2 (105). An oxidative 
removal of acetate in perfused muscle (with the formation of formate) has ' 
been reported by Toeniessen and Brinkmann (106) but the evidence is 
hardly convincing. The published data only indicate a removal of acetate 
from the perfusion liquid and do not differentiate between acetate deposited 
in the tissues and acetate oxidized. 
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Formation of Acetoacetate and fi-Hydroxyhutyrate, — Acetoacetate and 
d-hydroxybutyrate arise on addition of acetate to liver tissue (95, 107). 
The effect is greatest in the liver of starved animals. It is doubtful 
whether the “ketone bodies” are formed from acetate in any other tissues. 

Reactions of Acetoacetate and d-Hydroxybutyrate . — Oxidative Re- 
moval, — While the oxidation of fatty acids in the animal bod}^ occurs in a 
few tissues only (chiefly in liver, to a lesser extent in kidney cortex and in" 
very small quantities in spleen and testis (108)), two oxidation products of 
fatty acids — acetoacetate and 1( — )/3-hydroxybutyrate — are metabolized 
in the majority of tissues, including muscle (108, 109). The oxidative 
decomposition of the “ketone bodies” has been widely studied (24, 110, 111, 
112, 113, 114) but no intermediary oxidation products have as yet been iden- 
tified. Acetone is not regarded as a normal intermediate; it is formed 
through a nonenzymic side reaction. 

Interconversion. — Acetoacetate and /S-hydroxybutyrate are readily inter- 
convertible in most animal tissues (111, 109). The reduction of the ketonic 
to the hydroxy acid is observed when acetoacetate is added to tissues 
anaerobically while the reverse reaction prevails when jS-hydroxybutyrate 
is added aerobically. 

The oxidative processes with which the anaerobic reduction of aceto- 
acetate is necessarily coupled are but incompletely known. In some in- 
stances the oxidative decarboxylation of a-ketonic acids was involved 
(see 28). 

Transaminations. — The three ketonic acids which arise in the course 
of the oxidation of citrate — a-ketoglutarate, oxaloacetate and pyruvate — 
can take part in further reactions, not yet discussed, in which the ketonic 
acids are converted into, or formed from, their corresponding amino acids. 
The following three reversible reactions occur: 

a 

l(-f) Glutamate -f oxaloacetate a-ketoglutarate -{- 1( — )aspartate (6) 

b 

a 

1(4-) Glutamate 4- pyruvate a-ketoglutarate 4- l(+)alanine (7) 

h 

a 

1(--) Aspartate 4- pyruvate oxaloacetate 4- l(4-)alanine (8) 

b 

This type of change, now called “transamination,” was discovered by 
Braunstein and Kritzmann (115) and studied by Cohen (116). 

Cohen (116) gives the following rates of the various reactions for animal 
tissues: 
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Tissue 

n\. substrate transaminated 
Qtr*a..mln.t.on dr'y tUsue X hours’ 

Reaction (6a) 

Reaction (7a) 

Reaction (Sa'i 

Heart (rat) 

425 

7 

7 

Skeletal muscle (rat) 

316 

13 

1 

Pigeon breast muscle 

400 

40 


Brain (rat) 

260 

2 

8 

Brain (cat) 

210 



Liver (rat) 

245 

46 

10 

Liver (cat foetus) 

64 



Kidney (rat) 

245 

3 

3 

Testis (rat) 

150 



Lung (rat) 

51 



Spleen (rat) 

16 



Sarcoma S.37 

57 




Thus the rate of (6a) is very rapid, approximately ten times as high as is the maximal 
rate of the Oj uptake. The rates of (7a) and (86) are very low in most tissues. Only 
liver and pigeon breast muscle show an appreciable rate in the case of (7a). 

Catalytic Effects. — It is a common feature of all the reactions so far 
described that the added metabolite disappears in stoichiometric propor- 
tions during the reaction. Under some conditions, especially when added 
in small quantities, the substances of the ^^citric acid series^' (Table I) 
have effects on the metaVjolism which are not in stoichiometric proportion 
to the added substrate and are not necessarily accompanied by the dis- 
appearance of the added substrates. The first to discover such “catalytic” 
effects was Szent-Gyorgyi (70, 80) who found that succinate, fumarate, 
malate or oxaloacetate catalytically increases the oxygen uptake and 
carbon dioxide production of muscle and of other animal tissues. Stare 
and Baumann (6) confirmed these findings; on addition of fumarate to 
pigeon breast muscle suspensions, for instance, an extra oxygen uptake was 
measured which was five times the quantity required for the complete 
oxidation of the added substrate. Krebs and Johnson (42) found similar 
effects with citrate. 

The same substances catalyze the oxidative removal of pyruvate in 
skeletal and cardiac muscle (8, 11). 

Fumarate and oxaloacetate furthermore catalyze a number of anaerobic 
fermentations in microorganisms: the fermentation of pyruvate in Escheri- 
chia coli (21), the dismutation of pyruvate in Staphylococcus (117), the 
fermentation of glycerol and other substances in propionic acid bacteria 
(73), the fermentation of citrate in Aerobacter aerogenes (18). 
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Summary. — Table V is a summary of the chemica^ transformations dis- 
cussed in the preceding pages. The table includes the major reactions 
which at present are known to occur in animal tissues burning essentially 
carbohydrate and which, therefore, may be expected to be associated with 
carbohydrate oxidation. These reactions form the chief factual foundation 
for all theoretical considerations on the 'mechanism of carbohydrate oxi- 
dation*. On the whole, the opinions of various authors appear to be in 
agreement with regard to these facts. 

As the table is intended to present experimental observations all details 
involving hypothetical considerations, such as stoichiometric relations, 
and intermediary mechanisms, obviously highly complex in some cases, 
are omitted at the present stage. 

II. Reaction Schemes (Theory of Carbohydrate Oxidation) 

1. General Principles Concerning the Theory of Carbohydrate Oxidation 

Object and Scope of the Theory. — The chief aim of the theory of carbo- 
hydrate oxidation is to describe, step by step, the chemical changes of 
the carbohydrate molecule leading to the formation of carbon dioxide and 
water. At the same time when applied to muscle the theory should account 
for the specific enzymic equipment of this tissue which enables it to carry 
out the reactions listed in Table V. This follows from the principle dis- 
cussed at the beginning of this article (Section I, 1). 

Attempts have been made from time to time to formulate a theory com- 
plying with these postulates. The first attempt was that of Thunberg 
(4), the latest is a modified citric acid cycle. The merits or demerits of 
such schemas have recently been widely discussed, but in the view of the 
writer a certain amount of the discussion has sprung from misconceptions 
about the object and the scope of the schemes. The following remarks are 
therefore offered as an effort to clarify the position. 

The schemes under consideration are of the nature of hypotheses. 
Like all hypotheses, they are suppositions which are made in order to 
account for experimental observations and to serve as a starting point for 
further investigations. For reasons to be stated later they belong to those 
types of hypotheses which are destined always to remain hypotheses. 
They can never become facts, i. e., something which can be observed, and 
therefore they cannot be proved (if to prove means to establish as a fact) 
— though they can be disproved. It is therefore beside the point if it is 
stated that such and such a scheme has not been “proved.” The value 
of a reaction scheme should be assessed on the grounds of the observations 
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which it “explains^' and the discoveries to which it has given rise when used 
as a working hypothesis; if a scheme does not explain every observation, 
this should not be weighed too heavily against the scheme. For an im- 
perfect hypothesis which accounts for some facts and can guide further 
research is better than no hypothesis at all. Moreover, the inability of a 
scheme to account for a certain observation may not be due to the in- 
correctness, but rather to the incompleteness of the scheme as will be 
shown in the following section. 

Incompleteness of the Theory. — Knowledge of the chemical organiza- 
tion of living matter is so scanty that one cannot expect to elaborate a 
complete, if hypothetical, picture of any complex metabolic process. 
Hence the theory of carbohydrate oxidation must necessarily remain in- 
complete. This is often overlooked when deductions are made from the 
theory and when these are found to clash with experimental findings. 
For instance, according to the theory of the citric acid cycle, added citrate 
is expected to restore the oxygen consumption of the malonate poisoned 
muscle at least as effectively as does a-ketoglutarate. The experiment 
shows that under certain conditions this is not the case (31) and the con- 
clusion has bfeen drawn that it is doubtful whether citrate represents an 
essential stage in the respiration of pigeon breast muscle (31). In fact, 
the theory makes no detailed statement about the behavior of added citrate; 
it only states that citrate is* an intermediate. It is true that, therefore, one 
might reasonably expect that added citrate is rapidly metabolized, but this 
is by no means necessarily the case. Addition of citrate results in a much 
higher concentration than does the intermediary formation of citrate. 
This higher concentration may cause inhibitions; either by combining 
with other enzymes or by combining with ions (32) required for oxidations. 
Inhibitions have actually been found (see Section II, also (118)). 

Another example of the “incompleteness^^ of current reaction schemes may be drawn 
from the theory of the alcoholic fermentation. The generally accepted scheme includes 
the reaction pyruvic acid — ► CO 2 acetaldehyde. One would therefore expect this 
reaction to occur when pyruvate is added anaerobically to a suspension of yeast cells. 
In fact, however, added pyruvate is not anaerobically metabolized at pH 5.6 or 7.0, 
although it is rapidly oxidized in air (Smythe (119)). No one has seriously suggested 
that this shows that the scheme of Embden, Meyerhof and Neuberg is incorrect. 
Smythe thinks that the non-reactivity of pyruvate may be due to a nonpermeability of 
the yeast cell under anaerobic conditions. 

No reaction scheme can be expected to be free from discrepancies of the 
type just described. As already stated such discrepancies usually in- 
dicate that the schemes are incomplete rather than incorrect. 
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Significance of the Experimental Findings. — Opinions sometimes seem 
to differ on the significance which should be attached to the occurrence of 
a chemical reaction observed in an experiment on biological material. For 
the purpose of the following discussion the writer has adopted, as a guiding 
principle, Hopkins^ remark, already quoted, 'The body ... is in general 
able to deal only with what is customary to it^^ (1). It is therefore assumed 
that any rapid metabolic reaction found in muscle tissue is likely to be 
associated, directly or indirectly, with carbohydrate metabolism. The 
argument is, of course, not conclusive and has occasionally led astray. 
Its force is the greater, the more limited the metabolic activity of the 
material in question. It can hardly be applied to experiments on liver or 
kidney, where fatty acids, amino acids and carbohydrate are oxidized, or 
to those bacteria which metabolize many substrates, e. p., Escherichia coli 
and Aerohacter aerogenes. It may be applicable, on the other hand, to 
propionic acid bacteria, whose metabolic capacity, especially in "resting” 
cells and under anaerobic conditions, is confined to a comparatively small 
set of reactions. If it is shown, for instance, that these organisms are 
capable of rapidly reducing oxaloacetate to succinate, this is, in the view 
of the writer, powerful evidence in support of the view that this reaction 
plays a part in the "normal” formation of succinate. 

What Can Be Proved? — Experiments can “prove/* establish as a fact, the occur- 

rence of certain chemical changes under a given set of conditions. In this sense the re- 
actions listed in Table V have in the view of the writer been proved to occur. But the 
proof applies to the experimental conditions only and these are always more or less 
“unphysiological,** as it is not possible to investigate intermediary reactions under 
“physiological*' conditions. Physiologically most intermediates exist only transitorily, 
i. e., in minute quantities. Moreover, they only occur intracellularly. These circum- 
stances preclude their identification under “physiological" conditions. To investigate 
intermediary metabolism, the concentration of the metabolite must be artificially 
raised, or poisons must be added, and/or the tissue has to be removed from its normal 
site and to be perfused, or sliced, or minced, or extracted. The statement, therefore, 
that the evidence is valid for living tissues under “physiological" conditions always im- 
plies the assumption that the reactions occur under conditions different from those of the 
experiment. As far as one can see, this state of affairs is bound to persist, and for this rea- 
son the theory of intermediary reaction mechanism is bound always to remain a theory. 

In short, while it can be proved that a tissue or a cell has the ability to i>erform certain 
reactions, the “physiological" occurrence of the reactions must remain an assumption. 
If one agrees with Hopkins* contention that, in general, a tissue is able to deal only with 
what is customary to It, the demonstration of an intermediary reaction under experi- 
mental conditions can be regarded as powerful evidence, though not a final proof, that 
the reaction is part of the normal metabolism of the tissue. 

This is equally true for animal tissues and for microorganisms. Although many 
properties of microorganisms can be studied in the “physiological" medium the analysia 
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of the intermediary metabolism necessitates interference with intracellular mechanism. 
This can only be acjiieved by breaking up the cells, or by addition of ‘^unphysiolbgicar^ 
chemicals which inhibit catalysts or alter permeability. The history of the elucidation 
of the alcoholic fermentation in yeast illustrates this point, for all major discoveries in 
this field were made, and probably could only be made, either on press juice (Biichner) or 
maceration juice (Lebedev) or on cells treated with poisons such as toluene, chloroform, 
acetone or fluoride. 


2. Earlier Schemes of Carbohydrate Oxidation 

The Theory of Thunberg and Knoop. — The first attempts to formulate 
a scheme of carbohydrate oxidation are found in the papers of Thunberg 
(1920) (4) and of Knoop (1923) (120). The scheme which emerged from 
these papers is the following: 


Acetic 

acid 


Scheme 1 

(Theory of Thunberg and Knoop) 
Carbohydrate 
2 Lactic acid 
2 Pyruvic acid 
2 Acetic acid + 2CO2 

I -►Succinic acid 

Fumaric acid 
Malic acid 

. I 

Oxaloacetic acid 

\ 

Pyruvic acid -f CO2 

i 

Acetic acid + CO2 


This scheme formulates an unbroken pathway for the oxidation of car- 
bohydrate and offers an explanation for the formation of succinate from 
carbohydrate, pyruvate and acetate. It also accounts for the presence of 
certain enzymes in muscle. Its chief weakness was the complete lack of 
evidence supporting the assumption of a formation of succinate from 
acetate. 

The Theory of Toeniessen and Brinkmann. — Toeniessen and Brink- 
mann (121) modified the scheme because they found that perfused muscle 
yielded some succinate (together with formate) when pyruvate was added 
to the perfusion liquid while acetate gave no succinate. This observation 
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led the authors to assume that the condensation occurs at the stage of 
pyruvate. They summarized their hypothesis in the following scheme: 


+ 

Pyruvic 

acid 


Scheme 2 

(Theory of Toeniessen and Brinkmann) 
Carbohydrate 
2 Triose 
2 Pyruvic acid 

►“Polymerization product” 

Succinic acid (-f formic acid) 
Fumaric acil 
Malic acid ^ 

Oxaloacetic acid 
^Pyruvic acid -f COj 


The ‘^polymerization product’^ of pyruvic acid was assumed to be 1,4- 
diketo-adipic acid: 

2CH, • CO ‘ COjH ~ 2H =- CO^H • CO • CH, • CH, • CO • CO 2 H 

The latter was thought to split into succinic and formic acids. Later 
investigators have confirmed the formation of succinate from pyruvate, but 
the formation of formate has not been reported again. The writer has 
never been able to detect a formation, or a decomposition, of significant 
quantities of formate in animal tissues and he considers it as probable that 
the formate in Toeniessen and Brinkmann^s experiments was formed by 
bacteria. Toeniessen and Brinkmann admit that this was the case in 
some of their experiments on isolated muscle. 

The scheme of Toeniessen and Brinkmann has recently been put to the 
test by Wille (122) who succeeded in synthesizing 1,4-diketo-adipic acid 
and added the substance to respiring muscle, kidney and liver. The rate 
of its decomposition in these tissues was found to be very low, about 10% 
of the rate of pyruvate decomposition and Wille comes to the conclusion 
that 1,4-diketo-adipic acid is unlikely to be an intermediate in the major 
pathway of carbohydrate breakdown. 

In the light of more recently acquired knowledge, especially on trans- 
amination it is doubtful whether the succinate formed on addition of pyru- 
vate (121, 28, 123) is actually synthesized from pyruvate. It may have 
been derived, via transamination from aspartic and glutamic acids. 
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The Theory of Szent-Gyorgyi. — Although the theory of Szent-Gy6rgyi 
(70, 80) makes no attempt to depict the intermediate stages of carbo- 
hydrate oxidation, it may be discussed at this stage because of its close 
connection with oxidative processes in animal tissues. Szent-Gyorgyi 
offered an entirely new explanation for the presence in muscle of powerful 
enzymes catalyzing the oxidation of the four-carbon dicarboxylic acids. 
The new experimental findings on which Szent-Gyorgyi^s conception was 
based, were the following: 

1. Succinate (or its four-carbon oxidation products) was found to 
stimulate the respiration of muscle tissue catalytically. 

2. Oxaloacetate is very rapidly reduced by muscle to a mixture of 
fumarate and malate (primarily to malate), even under aerobic conditions. 
The reaction malate ;=± oxaloacetate is thus reversible. Although many 
dehydrogenations are reversible under some conditions, the rate of the 
hydrogenation is usually slow, or negligible, under the conditions pre- 
vailing in respiring muscle, e., in the presence of molecular oxygen. They 
usually occur only anaerobically. The rapid reduction of oxaloacetate in 
the presence of oxygen therefore indicates a special significance of the 
reversible system malate ^ oxaloacetate. 

On the basis of these observations Szent-Gyorgyi suggested that the 
main function of malate, fumarate and oxaloacetate in muscle ^^is not to 
serve as fuel, but to serve as a catalyst; as a catalytic hydrogen carrier 
between foodstuff and cytochrome^' (124). 

This assumption, which will be further discussed in relation to newer 
developments in Section II, 3, accounts for a number of observations, such 
as the catalytic effect of succinate and its breakdown products, and the 
occurrence of certain enzymes in muscle, but it is not, and is not intended 
to be, a complete theory of carbohydrate oxidation in muscle; it leaves 
unexplained the important observations discussed in the following section. 

S, The Citric Acid Cycle 

Basic Experiments.— The following four experimental observations 
led to the hypothesis of the ^‘citric acid cycle" (Krebs and Johnson (42)) : 

1. The catalytic effect of citrate on the respiration of pigeon breast 
muscle which is of the same order of magnitude as that of succinate and its 
oxidation product found by Szent-Gyorgyi (70, 80) and by Stare and 
Baumann (6). 

2. The rapid oxidation of citrate, isocitrate, cis-aconitate and a-keto- 
glutarate in pigeon breast muscle ((Thunberg (4), Batelli and Stern (6), 
Krebs and Johnson (42)). 
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3. The synthesis of citrate from. added oxaloacetate in muscle tissue 
(Krebs and Johnson, (42)). The yields of citrate, it is true, are com- 
paratively low (amounting to no more than a few per cent of the added 
oxaloacetate) and, moreover, only if high concentrations of oxalo£C'cetate 
(0.1 M) are employed, docs citrate accumulate; but it was thought that 
this does not preclude an important role of the synthesis of citrate in 
muscle metabolism. Low yields may be due to the fact that the methods 
of separating the synthesis from the breakdown of citrate are imperfect. 
The rate of the accumulation of an intermediate is never more than a 
minimum rate of the actual formation of the intermediate. In fact it was 
found later (125) tlj^t a-ketoglutarate — a breakdown ])roduct of citrate — 
arises together with citrate in very considerable quantities reaching 25% 
of the added oxaloacetate (81). The sum of citrate and a-ketoglutarate 
formed on addition of oxaloacetate is thus very considerable. It ap- 

Table VI 

Formation of Succinate from Oxaloacetate and Fumarate in the Presence of 

Malonate (126). 

(The data refer to 267 mg. fresh pigeon breast muscle suspended in phosphate saline 
containing 0.025 M malonate and 0.02 M pyruvate; 40° C.; 70-min. incubation.) 


Further substrates added 
(final concentratiun) 

0.1)05 M 
futnarate 

0.005 M 

oxaloacetate 

0.005 M 
fumarate 

0.005 M 
oxaloacetate 

Gas 

O 2 

Ox 

N 2 

N 2 

m1. O 2 absorbed 

884 

595 

0 

0 

/xl. succinate formed 

306 

254 

43 

39 


proaches the maximum yield expected under the experimental conditions 
which were anaerobic; under these conditions part of the oxaloacetate 
acts as hydrogen acceptor and is reduced to malate. 

4. The oxidative formation of succinate from fumarate or oxaloacetate. 
The reductive formation of succinate from fumarate and oxaloacetate can 
be inhibited by malonate as was shown by Szent-Gyorgyi and Gozsy (70), 
Krebs and Johnson (42) and by Krebs (126). Yet succinate can be 
formed from fumarate and oxaloacetate in the presence of malonate, pro- 
vided that oxygen is available (see Table VI). These experiments show un- 
equivocally that fumarate and oxaloacetate can be converted into suc- 
cinate, although their anaerobic reduction has been essentially blocked by 
malonate. It follows that there are two pathways leading from the above 
two acids to succinate: direct reduction and an oxidative reaction so far 
not defined in detail. Barron and Stare (127), without giving reasoas, 
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have stated that ^^this contention is without adequate proof;’’ but in the 
view of the writer the data given in Table VI and earlier data published by 
Szent-Gyorgyi (70, page 57) and Krebs and Johnson (42, page 104) have 
established the dual formation of succinate beyond doubt. Recent work 
on isotopes has confirmed the correctness of this view for pigeon liver 
(Wood, et al (101)). 

Among these four observations the last is the most important one. It 
shows that the oxidation of the four-carbon dicarboxylic acids leads to 
their re-formation; in other words, that there is a cycle of oxidations in 
which the dicarboxylic acids arise periodically. This is one of the basic 
facts which the theory of oxidations in muscle must take into account. 
It supplies at the same time a clear-cut hint regarding the nature of the 
intermediary oxidative processes m muscle. 

The other three observations were taken by Krebs and Johnson to 
indicate the intermediary stages in the oxidative formation of succinate 
from oxaloacetate. Several authors have pointed out that catalytic effects 
of citrate could be explained on the basis of Szent-Gyorgyi’s theory: the 
catalytic effect might be due to fumarate formed from citrate by oxidation. 
It is a serious flaw of such a hypothesis that it offers no explanation for 
the fact that citrate and its immediate breakdown products are readily 
metabolized in muscle, and it cannot be regarded as satisfactory if one takes 
the view, upheld by the writer, that this fa(5t indicates that the substances 
in question are likely to be normal intermediates in muscle metabolism. 
This was an important consideration when the citric acid cycle was first 
proposed. 

The Earlier Scheme. — The theory is contained in the reaction scheme 
on the following page. 

According to the scheme carbohydrate is first split (anaerobically) to a 
three-carbon compound, either a triose phosphate or lactic acid. The 
oxidation of the three-carbon compound then yields pyruvate. The latter 
condenses with oxaloacetate to form citrate. Citrate in turn is oxidized 
eventually to yield oxaloacetate which becomes available to condense 
again with pyruvate and to repeat the cycle.” 

The scheme offers a detailed, though not yet complete description of the 
intermediary stages of carbohydrate oxidation in muscle. It defines 
the major stages through, which the carbon atoms of the carbohydrate 
molecules pass; it defines the steps where the actual oxidation occurs and 
the reactions by which carbon dioxide is released. The scheme explains 
the oxidative formation of succinate from fumarate and oxaloacetate. 
It ^'accounts,” in fact, for the majority of the reactions listed in Table V 
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by allotting them a place in the process of carbohydrate oxidation. It 
also offers an explanation for the catalytic effects of citrate^ succinate, 

Scheme 3. Citric Acid Cycle 


C«Hi206 (Carbohydrate) 

I (For intermediary stages 

I see Table I, column 1) 

C^HeOi • P0»H2 (Triose phosphate 


C,H«0, 


Lactic acid) 


(Oxaloacetic acid) CO,H ■ CO • CH, • CO,H + CH. CO-CO.H (Pyruvic acid) 


+2H -2H CO 2 H -CHj . C(OH) • CH 2 • CO 2 H (Citric, acid) 

io,H 

"h CO2 

(Malic acid) CO 2 H • CH(OH) • CHj ♦ CO 2 H + H 2 O ~ HaO 


-H 2 O -fH20 


(Fumaric acid} CO 2 H • CH : CH • CO 2 H CO 2 H • CH • CH • CH (OH) • CO 2 H (Isocitric acid) 


C02H-CH2-C:CH C02H (m-Aconitic acid) 

t| io2H 

-H20 +H20 


+2H ~2H 


(Succinic acid) CO 2 H • CH 2 • CH 2 • CO 2 H 


CO 2 H 

~2H 


C02H CH 2 CH 2 C0-C02H (a-Ketoglutaric acid) 


fumarate or oxaloacetate although the functions of the latter two sub- 
stances, as will be seen later, are not yet fully described by the scheme. 

Discussion of Details . — Formation of Pyruvate from Carbohydrate . — 
The theory suggests that, prior to the oxidation, carbohydrate is con- 
verted into three-carbon units and that pyruvate is the first oxidation 
product. Pyruvate may be formed from carbohydrate in different ways : 
either by glycolysis according to the Embden-Meyerhof-Parnas scheme 
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where it is an intermediate, or by re-oxidization of the lactate, formed by 
complete glycolysis, or by direct oxidation of hexoses, as discussed in 
Section II, 7. 

The last mode of pyruvate formation is probably the exception. It 
seems that, in general, hexoses are not oxidized as such, but only after 
anaerobic fission. This view is supported by two independent observa- 
tions. First, inhibitors which prevent anaerobic glycolysis — iodoacetate 
or fluoride — usually inhibit also the oxidation of carbohydrate, although 
they do not inhibit the oxidation of lactate or pyruvate (Krebs (128); 
Meyerhof and Boyland (129); Ashford and Holmes (130); Colowick, 
Welch and Cori (131)). This may be taken to indicate that the anaerobic 
glycolysis precedes the oxidation. Second, no six-carbon oxidation prod- 
ucts of carbohydrate have ever been observed in muscle. It is true, 
glucose can be oxidized to gluconic acid in liver (Harrison, 132) and 
glucose-6-phosphate can be oxidized to 6-phospho-hexonic acid in laked 
red blood cells to which methylene blue has been added (Warburg, Chris- 
tian and Griese (133)). But these reactions have not been found to occur 
in muscle. There is one observation, however, which apparantly argues 
against the view that glycolysis precedes oxidation: in brain cortex 
fructose is readily oxidized, although it cannot be converted into lactic 
acid (Loebel (134)). It remains to be examined whether in this tissue 
fructose is oxidized as such (see Section II, 7) or whether the inability to 
form lactic acid is merely due to an incomplete glycolysis ending perhaps 
at the stage of triose phosphate. But whatever the mechanism, experi- 
ments of Lipmann (87) show that the oxidation of fructose in brain also 
yields pyruvate. 

Condensation of Pyruvate and Oxaloacetate . — When the theory was first 
formulated (42) it was left open which carbohydrate derivative condenses 
with oxaloacetate to form citrate. While the test tube experiments of 
Knoop and Martius (82) and of Claisen and Hori (83) favored the view 
that it might be pyruvate, it also appeared possible that another inter- 
mediate of glycolysis might react. Later it was found (8) that in minced 
muscle pyruvate is oxidized much more rapidly than, and in preference to, 
other substrates derived from carbohydrate. Moreover, when undergoing 
oxidation pyruvate reacts in accordance with the theory (Section I, 3). 
The facts are thus in agreement with' the view that either pyruvate or a 
compound readily arising from pyruvate is the substance which condenses 
with oxaloacetate, while they are difficult to reconcile with the assumption 
that another carbohydrate derivative reacts with oxaloacetate. The as- 
sumption that phosphopyruvate is the reactive carbohydrate derivative is 
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SO far unsupported by evidence; as far as is known pyruvate is not directly 
phosphorylated in suspensions of minced muscle. 

Order in Which Citrate^ Cis-Aconitate and Isocitrate Arise. — Citrate, 
cis-aconitate and isocitrate have so far always been found together in 
muscle. When citrate is synthesized from oxaloacetate and pyruvate 
the other tricarboxylic acids also arise, and it has therefore not been pos- 
sible to decide in which order they are formed. It was made cleat that the 
order chosen in the first schemes (42, 135) w^as somewhat arbitrary; it 
was uncertain, for example, whether m-aconitate is a stage in the s 3 nithesis 
(scheme a) or in the decomposition of citrate (scheme h ) : 

(a) (Wkloacetate pyruvate cis-aconitate — ► citrate 

{h\ Oxaloacetate + pyruvate — ► citrate — ► cis-aconitate 

In vitro experiments offered no solution of the problem; for under some 
conditions — in alkaline medium — the condensation leads primarily to 
citrate (82), while under others — when potassium acetate is used as con- 
densing agent — a derivative of aconitic acid is found (83). The primary 
products probably depend on whether the keto- or enol-form of oxalo- 
acetate reacts, the former yielding the hydroxy acid, the latter the un- 
saturated compounds. Since neutral solutions of oxaloacetate contain 
both keto- and enol-forms (Meyer (136)) it is difficult to predict the course 
of the reaction. 

The arbitrary formulation (b) was preferred (135) because it was thought 
for reasons already stated, that a place for the reaction, citrate ;z± m-aconi- 
tate should be found in the normal metabolism of muscle tissue (although 
this principle, of course, does not imply that the reaction is part of car- 
bohydrate oxidation). Scheme (a) would offer no explanation for the 
ability of muscle to perform the above reaction. However, recent tracer 
experiments of Wood, Workman, Hemingway and Nier (100) and of Evans 
and Slotin (102) indicate that scheme (5) is incorrect, at least in the case 
of pigeon liver, and that the scheme 3 must be modified. Pigeon liver, 
as already discussed in detail, synthesizes a-ketoglutarate, citrate, fu- 
marate and malate from pyruvate and carbon dioxide. For reasons given 
in Section I, 3, it can be taken that the synthesis of oxaloacetate is the 
first stage when pyruvate is converted into the di- and tricarboxylic acids. 
The further stages would be those described in the citric acid cycle. If 
this is correct the carbon dioxide fixed in the synthesis of oxaloacetate 
should be found in both carboxyl groups of the synthesized a-ketoglutarate, 
as shown in the following scheme: 
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Scheme 4 

Scheme Showing the Fate of Assimilated Carbon Dioxide Based on the Citric 

Acid Cycle 

(The carbon atom introduced in the form of carbon dioxide is marked with an asterisk.) 

CO2HCOCH, + *C 02 

COsHCoW,*COsH 


+ CH.COCOjH 

CO2H • C(OH) • 6H2 • *C02H (Citric acid) 


dlHj- 


COjHCtiH’COjH 
IjHj.COaH 

COjH • ci, • CH (OH) • ‘COsH 
dlHj-COjH 

C0, + cAsC0-*C02H 


J U 


2 COOH -f CO2 


CO2H.C CH2 • ♦CO2H (Aconitic acid) 
IjH.COjH 

CO2H • CH • ck • ‘COjH (Isocitric acid) 

iH(0H)C02H 

CO2 + CHj • CH, • ‘COjH (a-Keto- 
I glutaric acid) 

CO-COsH 


Owing to the symmetrical configuration of citric acid, as will be seen 
from scheme 4, the assimilated carbon is expected to appear in either of 
two carboxyl groups of aconitic, isocitric and a-ketoglutaric acids. The 
prediction was tested with the isotopes C 13 and Cn in the case of a-keto- 
glutaric acid, The experiments confirmed only part of the prediction: 
the isotopes added in the form of bicarbonate were found to be present in ot- 
ketoglutaric acid and thus confirmed the participation of carbon dioxide in 
the synthesis of a-ketoglutaric acid (see Section 1, 3) ; but the distribution of 
the isotopic carbon was contrary to expectation. Only the carboxylic 
group adjacent to the ketonic group was found to contain the isotopes. 
This proved that the above scheme cannot be correct (for pigeon liver). 

Wood, Workman, Hemingway and Nier (100) have pointed out that a 
minor modification of the theory, already contemplated from the start 
(135) as one of the several possibilities, is in accordance with the facts. 
The main feature of the modification is the assumption that the con- 
densation of (enol-)oxaloacetate and pyruvate yields primarily as-aconi- 
tate which is directly converted into isocitrate while the formation of 
citrate is due to a side reaction shown on next page. 

Provided that the rate of the side reaction between citrate and cis- 
aconitate is negligible compared with the rates of the other reactions, it is 
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Scheme 5 

Modified Scheme Showing the Formation of a-KETOGLUTARATE from Oxalo 

ACETATE AND PyRUVATE 

CO2H • C(OH) : CH • *C 02 H (cis-Enol-oxaloacetic acid * 
hydroxymaleic acid) 

-h CHa CO COjH 

CO2H • C(OH) • CH2 • *COiE ^ CO2H • C : CH • *C 02 H (cis-Aconitic acid) 

(llHsCOjH ^HjCOjH + COj 

(Citric acid) ][ 

CO2H • CH2 • CH(OH) • ♦CO2H (Isocitric acid) 

dojCOjH 

COj + CH, • CO •^•CO,H (a-Ketoglutaric acid) 

(!:h,co,h 

expected from scheme 5 thai the fixed carbon appears predominantly in the 
carboxyl group of a>ketoglutaric acid adjacent to the carboxyl group, as is 
actually the case. Evans and Slotin (102) consider the modified scheme 
as “improbable in view of the demonstrated equilibrium between citrate, 
isocitrate and cts-aconitate in most tissues.^^ The published data do, 
however, by no means indicate that the equilibrium between the three 
tricarboxylic acids was actually established under the conditions of the 
tracer experiments. Whether the equilibrium is established depends on 
the rates of the following five reactions: 

(A) cts-Aconitate isocitrate 

(B) Isocitrate cis-aconitate 

(C) CM-Aconitate — ► citrate 

(D) Citrate -*■ ciVaconitate 

(E) Isocitrate a-ketoglutarate 

If the rates of (A) and (E) are rapid compared with those of (^), (C) and 
(D) the quantities of citrate formed will be small, and the conversion of 
citrate into a-ketoglutarate will be insignificant. Recent experiments of 
the writer (137) show that (A) and (E) are, in fact, much more rapid than 
are the other reactions. Martins (46) has already demonstrated that (A) 
is more rapid than (C). The writer finds (137) that at low concentrations 
(0.005 M) of m-aconitate the isocitrate formation in the presence of 
aconitase is about nine times as rapid as the citrate formation. At higher 
concentrations the difference is not so great. As the physiological con- 
cfentrations are even lower than 0.005 M, there can be no doubt that da- 
aconitate formed as an intermediate in the tissue would yield predomi- 
nantly isocitrate. Furthermore, added isocitrate yields much more 
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a-ketoglutarate and succinate in liver suspensions than added citrate, 
provided the concentrations are low and the experimental period is short 
(Table VII). This shows that reaction (E) must be rapid compared with 
(B), (C) and (D). 


Table VII 

Metabolism op Citrate and Isocitrate in Pigeon Liver 


(Th^ data refer to 4 ml. liver suspension, containing 0.4 gm. liver; period of incubation: 
5 min.; 40® C.; 0.025 M malonate.) 


Substrates added 

a-Ketoglutarate -h 
succinate foxind 

Citrate found 

None 

0.45 X 10"* millimole 

0 millimole 

4 X 10“ * millimole 
isocitrate* 

1.35 X 10"* millimole 

0.19 X 10"* millimole 

2 X 10"* millimole 
citrate 

0.69 X 10"* millimole 

1.38 X 10"* millimole 


* Isocitrate was a synthetic preparation of which 50% only is physiologically active. 


These experiments indicate that owing to the relative slowness of the 
reactions cis-aconitate citrate the equilibrium between the three tri- 
carboxylic acids was not likely to be established in the tracer experiments 
on pigeon liver. Scheme 5 is thus not contradictory to the observed 
distribution of the fixed carbon in a-ketoglutarate. It is true that a 
certain amount of fixed carbon must be present in the second carboxyl 
group if the theory is correct. It is not yet possible, however, to predict 
the quantities concerned. Under the conditions of the tracer experiments 
the rate of (A) is at least nine (probably many more) times as great as 
that of (C) and possibly 100 times greater than that of (D), If this is the 
case the expected abundance of fixed carbon in the second carboxyl group 
would be so small that its measurement would be beyond the accuracy of 
the experiments so far reported. Furtln^r work on the kinetics of the 
reactions (A) — (E) and on the position of the fixed carbon is desirable. 
Meanwhile scheme 5 may be provisionally accepted; it is the only avail- 
able hypothesis which Satisfactorily explains the facts. 

The tracer experiments under discussion refer to pigeon liver. As it is 
highly probable that the mechanism of a-ketoglutarate formation from 
oxaloacetate and pryuvate is the same in liver and in muscle, it is neces- 
sary to modify the citric acid cycle in accordance with scheme 5 by re- 
arranging the order in which the tricarboxylic acids arise (see scheme 6). 
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Mechanism of the Synthesis of the Tricarboxylic Acids . — Tho formation 
of the tricarboxylic acids from oxaloacetate and pyruvate involves an 
oxidation which is equivalent to the removal of two hydrogen atoms. It 
cannot be definitely stated at what stage the|Oxidation occurs. It may 
precede, or it may follow, the condensation. In the former case the con- 
densation would take place at the oxidation level of pyruvate and the 
condensation product (oxalo-citraconic acid*) would subsequently be oxi- 
dized, In the second case pyruvate would be oxidized to the oxidation 
level of acetate before the condensation occurs. It is certain that acetate 
itself cannot be an intermediate, as its reactivity, if any, in muscle is far 
too low, but it has not been ruled out that acetyl phosphate (CHs CO O- 
PO 3 H 2 ) which according to Lipmann (138) is probably an oxidation product 
of pyruvate in Bact. delbrueckii can condense with oxaloacetate to form 
tricarboxylic acids. 

These two possible mechanisms are set forth in the following schemes : 


Scheme A 

C02H.C(0H):CHC02H 

4- CH3 CO CO2H - H2O 

C02HC:CHC02H 
CHjCOCOjH 
+ O 


Scheme B 
CH2COCO2H 

-f H,P04 - 2H 

CH, C0 0 P0,H2 4- CO2 

I 4- C02H.C(0H):CH C02H 


C02H.C:CHC02H 
12CO2H 


I 4- CO 2 

CH2( 


CHs-CiCHCOzH 

iHrCOjH 


+ H,P 04 


At the present st^ge of knowledge both schemes appear possible. In 
favor of scheme A it can be pointed out that the reactions which it postu- 
lates have been shown to occur at least in the test tube while neither the 
formation of acetyl phosphate in muscle nor the ability of this substance 
to condense with oxaloacetate has so far been demonstrated. 

* Wood, et al. (101) assumed the primary intermediate to be oxalomesaconic acid (or 
“pyruvofumaric acid”). This is the transisomeride of oxalocitraconic acid. If the 
resulting aconitic acid possesses the cw-configuration it is almost certain that the im- 
mediate precursors have the same configuration. This also applies to the enol-oxalo- 
acetic acid in scheme 5 and in the following schemes (A) and (B) which is expected to be 
hydroxymaleic acid. 
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Oxalosuccinic Acid as an Intermediate. — ^The immediate oxidation prod- 
uct of isocitric acid is in all probability oxalosuccinic acid (a-keto-/9- 
carboxylglutaric acid) : 


CO2H • CH2 • CH(OH) • CO2H - 2 H CO2H • CH2 • CO • CO2H 


I 

CH2CO2H 
(Isocitric acid) 


CH2CO2H 


(Oxalosuccinic acid) 


As a /3-ketonic acid, oxalosuccinic acid is expected to decompose readily 
into a-ketoglutaric acid and carbon dioxide. It has so far not been possible 
to test the metabolic behavior of the acid as its preparation has not 
yet been achieved. The acid is very unstable. When its triethyl ester is 
saponified, the resulting acid undergoes rapid ketone or acid decomposition. 

Mechanism of Decarboxylation of a-Ketoglutarate. — Two different 
mechanisms of decarboxylation have been discussed. Green, Westerfield, 
Vennesland and Knox (139) suggest that the decarboxylation precedes 
the oxidation and that succinic semialdehyde is an intermediary. They 
have prepared an enzyme preparation from pig heart and other animal 
tissues which, in fact, converts a-ketoglutarate into succinic semi-aldehyde. 
The same enzyme converts pyruvate into acetyl-methyl-carbinol and CO 2 . 
But as acetyl-methyl-carbinol is in all probability not a normal inter- 
mediate in animal tissues, it seems possible that the enzyme preparation 
of Green, et al.y is an artifact. Weil-Malherbe (140) suggests that the 
primary step is a dehydrogenation of the enol-form of a-ketoglutaric acid 
and that a ketone is the intermediary: 

HH 

O 0 __ 2 H ^ ^ 

R Cll C C.O >R CR-C -f C :0 

(Knol-ketonic acid) (Ketene) 

The ketene would at once react with water to form succinic acid : 

R CR.C.O -h H2O - i? CH 2 COOH 

This scheme accounts for the fact that in most animal tissues — with the 
exception of liver — aldehydes are not readily metabolized (141, 142). 

Source of Oxaloacetate. — According to scheme 3 the oxidation of 
carbohydrate depends on the presence of oxaloacetate. As the effect of 
oxaloacetate is catalytic the quantities required are expected to be small 
and to have no stoichiometric relation to the amount of carbohydrate 
oxidized. 

Two sources of oxaloacetate are known. The food of all animals con- 
tains substances which yield oxaloacetate when broken down in the body: 
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glutamic and aspartic acids, and other amino acids (see Section III, 2), 
citrate, succinate, malate. A second source is the synthesis of oxalo- 
acetatc from pyruvate and carbon dioxide. So far this reaction has only 
been found in the liver of the pigeon but it is likely to occur also in other 
tissues and organisms, though it seems to be absent from the suspensions 
of minced muscle commonly used in the study of oxidations. 

Side Reactions . — If citrate is not an intermediate, but is formed by a 
^‘side reaction’^ the problem of the physiological significance of such a side 
reaction arises. At present little can be said about this. It is true that 
citrate, like many intermediary metabolites, has no doubt more than one 
part to play in the animal body. Its presence in relatively high con- 
centrations in tfi? testis (Thunberg, see (HS)), in milk (see (147)), and 
expecially in bone (Dickens (144)) and the relation of the urinary ex- 
cretion of citrate to the menstrual cycle (145) indicate a variety of func- 
tions, but one would noriike to assume that the supply of citrate for 
certain body liquids and tissues is the sole object of the citrate formation 
in muscle. 

It is of interest that in addition to the reaction m-aconitate citrate 
there are in muscle three otlier rapid ‘‘side reactions^^ — the transamina- 
tions : 

• a-Ketoglutarate glutamate 
Oxaloacetate aspartate 
Pyruvate ^ alanine 

and a further relatively slow reaction, viz,j 

a-Ketoglutarate a-hydroxyglutarate 

Maybe these reactions constitute a mechanism by which the tissue stores 
a reservoir of material from which it can readily draw oxaloacetate, when 
required as a catalyst. The presence of considerable amounts of glutamate 
and aspartate in muscle favors such a view, but it must be admitted that 
the reservoir of citrate is negligible in muscle. 

Another “explanation” for the formation of citrate might be sought in 
the fact that cis-aconitate is an unstable substance which is rapidly con- 
verted into the metabolically inactive or even inhibitory (146) trans~f omi. 
The conversion into citrate would “protect” such m-aconitate as cannot 
be immediately utilized in the cycle. 

However, the writer wishes to make it clear that he regards these as- 
sumptions as merely tentative and that in his opinion nothing definite can 
be said about the significance of the various “side reactions.” 
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4 . Modified Scheme (Tricarboxylic Acid Cycle) 

The modified and extended scheme of carbohydrate oxidation emerging 
from the preceding discussion is shown in the following scheme : 


Scheme 6. Tricarboxylic Acid Cycle 
Carbohydrate 

I 

Triose phosphate or lactate 


Aspartate ;=i Oxaloacetate-j^ 


+2H 


-2H 


Malate 


-HaO 


+HaO 


Fumarate 


+2H 


-2H 


Succinate -f COa^ 


'^a-Ketoglutarate ^ 

1 -I-CO 2 


Glutamate 


1 


n Pyruvate Alanine 
\ |-2H 

+H,02 

cis-aconitate ^ Citrate 


-f-COa — HiO 
-HaO +HaO 

Isocitrate 

-2H 

v' 

,X)xalosuccinate 


As far as the writer is aware this scheme is in accordance with all experi- 
mental observations made in experiments on pigeon breast muscle. 

The criticisms which have been raised against the theory do not question 
the possible occurrence of the cycle, but the assumption that the cycle is 
the major mechanism of carbohydrate oxidation in pigeon breast muscle. 
These criticisms have been satisfactorily met. They are chiefly based on 
two observations: (1) the distribution of fixed carbon in a-ketoglutarate 
(see Section II, 3) and (2) the relatively low rate of reaction of added citrate 
(Stare, Lipton and Goldinger (31)). The latter criticism was made against 
the original version of the cycle, but as added isocitrate and m-aconitate 
show the same behavior (18) as added citrate — both oxygen uptake and 
substrate disappearance being smaller than postulated under the conditions 
of the experiments of Stare, et al . — the argument would also apply to the 
modified scheme. As already pointed out, the low rates of reaction are 
due to secondary inhibitions caused by the “ de-ionization^' of magnesium 
(see Section II, 2 and 3). 
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It is convenient to use a brief term for the theory describing the inter- 
mediate stages of the oxidation of carbohydrate in muscle. The essential 
feature of the theory is the periodic formation of a number of di- and tri- 
carboxylic acids. As there, is no term which would serve as a common 
denominator for all the various acids, one might name the cycle after one, 
or some, of its characteristic and specific acids. It was from such con- 
siderations that the term ^'citric acid cycle^^ was proposed in 1937. In the 
light of the recent work this name must now be regarded as inadequate. 
The writer proposes that it be replaced by the name ^^tricarboxylic acid 
cycle.’' 

5. The Relation^etween the Szent-Gydrgyi Cycle and the Tricarboxylic 

Add Cycle 

There is one major reaction in muscle which the scheme discussed so far 
does not explain: the redu(?tion of oxaloacetate to malate. Szent-Gyorgyi, 
the discoverer of this reaction, explained it by the assumption that the 
~ 2 H 

system malate oxaloacetate acts as a hydrogen carrier in respiration 
+2H 

(see Section II, 2 ). The main piece of evidence supporting this hypothesis, 
in the view of the writer, is the fact that the postulated reactions can take 
place in muscle with great rapidity. Szent-Gyorgyi’s second piece of 
evidence — the catalytic effect of the C 4 dicarboxylic acids on respiration — 
carries less weight as the tricarboxylic acid cycle already accounts for such 
an effect. 

A major aim in the further elaboration of Szent-Gyorgyi’s hypothesis 
is the definition of the reactions by which hydrogen is transferred to oxalo- 
acetate. Szent-Gyorgyi (80) and Pamas and Szankowski (147) defined 
one of these reactions; they showed that oxaloacetate is reduced when 
‘^carbohydrate” is oxidized to pyruvate. From the work of Negelein and 
Bromel (148) it appears that the actual hydrogen transfer in the oxidation 
of carbohydrate to pyruvate occurs when glyceraldehyde diphosphate is 
converted into diphosphoglyceric acid. It is probable^, therefore, that it 
was this reaction in the experiments of Szent-Gyorgyi and of Parnas and 
Szankowski which was coupled with the reduction of oxaloacetate. Omit- 
ting the phosphorylations, the reaction of Szent-Gyorgyi can be written 
thus: 

CaOeOa + oxaloacetate = pyruvate -|- malate (9) 

Two further reactions which donate hydrogen to oxaloacetate were 
found in the Sheffield laboratory. They are the stages in the tricarboxylic 
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acid cycle leading from oxaloacetate and pyruvate to a-ketoglutarate. 
These involve the transfer of two pairs of hydrogen atoms; the first arises 
during the synthesis of the tricarboxylic acids, the second during the oxi- 
dation 6f isocitrate to a-ketoglutarate. Both these dehydrogenations 
occur anaerobically provided that an excess of oxaloacetate is available. 
The coupling of the dehydrogenation and hydrogenation in these two re- 
actions may be expressed as follows (125) : 

Oxaloacetate -f pyruvate -f oxaloacetate = m-aconitate -f malate -f COo + H2O ( 10 ) 
c?s-Aconitate + oxaloacetate H2O = cr-ketoglutarate + malate H- CO2 ( 11 ) 

The net effect of the three reactions (9), (10) and (11) is 

4 Oxaloacetate + CaOeOa = a-ketoglutarate + 2CO2 + 3 malate* 

Of the six pairs of hydrogen atoms released during the oxidation of one 
triose equivalent, three may pass through the stage of malate, while a 
fourth pair passes through the same stage during the further breakdown 
of a-ketoglutarate. It is possible that oxaloacetate can also take part in 
the conversion of a-ketoglutarate into succinate : 

a-Ketoglutarate -H oxaloacetate + H2O ** succinate -)- CO2 4 - malate ( 12 ) 

but this has neither been proved nor disproved. If reaction (12) occurs 
it would bring the number of hydrogen pairs possibly passing through the 
hydroxyl group of malate to five out of the total of six pairs. 

It has been pointed out (149, 150, 151, 152) that there is some difficulty 
in understanding the physiological significance of the Szent-Gyorgyi 
system. Its participation in hydrogen transport would appear to be 
^^pointless^^ (Ball (152)) if (as the available information suggests) diphos- 
phopyridine nucleotide were the intermediate hydrogen carrier between 
molecular oxygen and malate as well as between oxaloacetate and the 
hydrogen of organic substrates. Ball (152) writes 

“If we break the scheme into the separate reactions, this becomes evident. Assuming 
the substrate to be oxidized by means of diphosphopyridine nucleotide (Py(P04)2), we 
may write the first reaction as follows: 

Substrate -f Py(P04)2 -► H2Py(P04)2 4 - oxidized substrate ( 1 ) 

If the pyridine nucleotide is to act as a cyclic catalyst for this reaction, it must be oxi- 
dized. According to the Szent-Gyorgyi scheme, this reoxidation is brought about by 
oxaloacetate. The reaction may be written: 

Oxaloacetate 4 - H2Py(P04)2 -► Py(P04)2 4 - malate ( 2 ) 

Now if the oxaloacetate in turn is to function as a catalyst, it must be regenerated. 

* For the experimental verification of this reaction see ( 81 ). 
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This requires that malate be oxidized. The oxidation of malate in the body, however, is 
known to proceed only through the diphosphopyridine nucleotide: 

Malate 4- Py(P 04)2 HaPyCPOOa + oxaloacetate (3) 

This equation is, however, the reverse of equation (2). Thus what is produced is re- 
duced pyridine nucleotide, and we are right where we started when we wrote equation 
(1). The introduction of the malate-oxaloacetate system into this cycle merely leads 
us into a blind alley.'* 

In the opinion of the writer it is, however, very unlikely that a reaction 
which can occur with very great rapidity is pointless^^ ; the problem there- 
fore invites further investigation. It remains to be seen whether di- 
phosphopyridine nucleotide is, in fact, the physiological hydrogen carrier 
in both the dehydrogenation of malate and the hydrogenation of oxalo- 
acetate. Should this prove to be the case an explanation for the occurrence 
of the reversible reaction malate oxaloacetate may be found in the 
assumption that the role of malate in hydrogen transport is analogous to 
that of creatine phosphate in phosphate transport, namely, to serve as a 
readily available reservoir of hydrogen. 

It is certainly a most remarkable fact tnat muscle is equipped with a 
mechanism which enables the tissue to direct 8, and possibly 10, out of 
12 hydrogen atoms of a triose equivalent to the hydroxy group of malate. 
The writer finds it difiicUlt to believe that this elaborate mechanism serves 
no purpose. The mechanism is of particular interest in connection with 
the newer conception of energy utilization in muscle (see 153). The 
utilizable energy liberated from various anaerobic processes is assumed 
to accumulate in one compound, adenylpyrophosphate which appears to 
be the last link between the chemical energy of the substrates and the 
mechanical energy produced by the working muscle. It is probable that 
the energy derived fiom the various stages of the oxidations, like that 
derived from the anaerobic reactions, must also be canalized to one 
“center.” Malic acid may be a link collecting the energy from various 
channels and directing it towatd the “center,” which is probably also 
adenylpyrophosphate. 

In this connection Kalckar^s discovery (154) of a formation of phospho- 
pyruvate following the oxidation of malate in kidney extracts is of in- 
terest; the further elucidation of the mechanism of this reaction maybe 
expected to throw light on the significance of the Szent-Gyorgyi cycle. 

6. Occurrence of the Tricarboxylic Acid Cycle in Various Materials 

Animal Tissues. — The main experiments on which the theory of the 
tricarboxylic acid cycle is based refer to pigeon breast muscle and in the 
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first instance the theory applies to this tissue. Smyth who repeated 
the chief experiments with sheep heart (11) found no essential differences 
between the two tissues. Other materials have not yet been systematically 
examined, but a number of data have been recorded which seem to indicate 
that the cycle also occurs in other tissues. The relevant observations are 
the following; 

1. Oxaloacetate yields citrate and a-ketoglutarate in testis (sheep), 
kidney (guinea pig), brain (sheep) and liver (pigeon) (81). 

2. The acids of the cycle are readily oxidized in kidney (78) and in 
liver (9). Other tissues (brain, testis) which under some conditions fail 
to show an increase in the oxygen uptake on addition of citrate, fumarate 
or malate, possess aconitase (47), fumarase (63) and malic dehydrogenase 
(69). 

3. Certain brain preparations show an increase in the oxygen uptake 
on addition of citrate, fumarate and malate (155), and a-ketoglutarate 
(156). They also show the catalytic effect of fumarate on the removal 
of pyruvate (157). 

These observations make it clear that the various animal tissues which 
have so far been investigated possess essentially the enzymic equipment 
required for the tricarboxylic acid cycle and this strongly favors the view 
that the cycle occurs in the tissues in question. At the same time it must 
be pointed out that it has proved impossible (applying the same technique) 
to repeat some of the most convincing muscle experiments, for example, the 
demonstration of the reaction: 

Fumarate + pyruvate -f 2O2 succinate + SCOj + H2O 

(see Section I, 3). But as already pointed out, negative experiments have 
a limited significance in this field of research. In the case under discussion 
this is especially true in the face of the positive results listed above. Nega- 
tive experiments may be due to a partial destruction of enzyme systems as 
a result of the handling of the material; different tissues may behave dif- 
ferently in this respect. The history of the Embden-Meyerhof-Parnas 
theory of glycolysis teaches an impressive lesson on this point. A number 
of authors (158, 159, 160, 161, 162) found that they were unable to repeat 
with various other tissues the muscle and yeast experiments which estab- 
lished the theory for these materials. Especially no evidence showing 
the formation of phosphorylated intermediates was found. From such 
negative experiments it was concluded that a ^‘nonphosphorylating gly- 
colysis^' occurred in many tissues. On further examination, however, 
Meyerhof and Perdigon (163) were able to repeat the decisive muscle ex- 
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periments with the tissues in question and reviewing the subject Meyerhof 
(164) comes to the conclusion: “The so-called nonphosphorylating gly- 
colysis is nonexisting except in imagination/^ 

While thus there is evidence indicating the general occurrence of the 
cycle in tissues, other experiments (already mentioned in Section I, 3) 
show that in various tissues pyruvate undergoes reactions which are not 
included in scheme 6. The main reactions known so far are the formation 
of acetate, acetoacetate and /3-hydroxybutyrate form pyruvate. Further 
experimental work is required befdle the relative significance of these re- 
actions in various tissues can be assessed. 

Microorganisms. — Pure cultures of bakers^ yeast do not appreciably 
oxidize added cifrate, isocitrate, cfs-aconitate, succinate, fumarate or 
malate (68). The dehydrogenases activating these substrates have never 
been encountered in yeast. Fumarase (62) and aconitase (18) are also 
absent. The assumption of Lynen and Neciullah (165) that the above 
acids are intermediates in the oxidation of carbohydrate in yeast is there- 
fore hardly tenable. 

Escherichia coli and many other bacteria do not metabolize the three 
tricarboxylic acids. Organisms which attack citrate, e. g., Aerobacter 
'aerogeneSj appear to employ a mechanism different from the tricarboxylic 
acid cycle (35, 43, 44, 45). There is therefore no support for the as- 
sumption that the cycle occurs in those bacteria whose intermediary 
metabolism has been studied in detail. On the other hand, many bacteria 
oxidize succinate, fumarate and malate and reduce anaerobically oxalo- 
acetate to succinate and this suggests that the Szent-Gyorgyi system is 
operative in bacteria. Of special interest is the fact that catalytic effects 
of the four-carbon dicarboxylic acids have been found in bacteria where 
the tricarboxylic acid cycle or an analogous cycle does in all probability 
not occur, at least not under the conditions of the experiments. As was 
already pointed out the catalytic effects in animal tissues can be explained 
by the tricarboxylic acid cycle and therefore no “direct” evidence of the 
actual occurrence of the Szent-Gyorgyi cycle in animal tissues is available. 
The evidence only proves the possible occurrence of the cycle. In contrast 
the catalytic effect of fumarate, malate and oxaloacetate, under anaerobic 
conditions, on the fermentation of glycerol by propionic acid bacteria (73), 
or the dismutation of pyruvate in Staphylococcus (117) and Escherichia 
coli (27) can so far be explained only by the assumption that a cycle of the 
type visualized by Szent-Gyorgyi plays a role in these fermentations. In 
a number of bacteria (e. g.j Escherichia coli) the catalytic cycle apparantly 
includes the reaction succinate fumarate. The recent work on the 
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carboxylation of pyruvate in conjunction with Kalckar’s (154) discovery 
of the formation of phosphopyruvate from fumarate suggests for certain 
cells a further extension of the cycle comprising the following reactions: 

Fumarate -f- V 2 O 2 + phosphate phosphopyruvate -f CO 2 (13) 
Phosphopyruvate 4- phosphate-acceptor pyruvate + phosphorylated acceptor (14) 
Pyruvate -j- CO 2 oxaloacetate (15) 

The net effect is: 

J^'umarate -h V 2 O 2 — ► oxaloacetate 

and 

Phosphate phosphate-acceptor phosphorylated acceptor 

These considerations indicate a possible coupling between the Szent- 
Gyorgyi cy(;le and phosphorylations. 

Molds. — It is suggestive to assume that the formation of citric acid 
and of the four-carbon dicarboxylic acids in various molds from carbo- 
hydrate follows the same pathways as in pigeon liver. Tracer experi- 
ments show, in fact, that carbon dioxide is fixed in the synthesis of fumaric 
acid in Rhizopus nigricans and of citric acid in Aspergillus niger (166), and 
this supi^orts the view that the mechanisms of fumarate and citrate forma- 
tion are similar in pigeon liver and in molds. Little can be said about the 
mechanism of citrate decomposition in Aspergillus. Whether the pathway 
follows that in animal tissues (via a-ketoglutarate), or that suggested for 
Aerohacter (via oxaloacetate and acetate (35, 43, 44, 45)) remains to be 
seen. Unlike bacteria and animal tissues molds can form oxalic acid in the 
course of the breakdown of citric acid. 

Plant Material. — A number of the acids of the tricarboxylic acid cycle 
especially citric, succinic and malic acids, are encountered in many 
plants, frequently together with the acid amides of glutamic and aspartic 
acids. It has, moreover, been shown that the acids are interconvertible 
(167) in some plant tissues, that aconitase and fumarase occur and that in 
plants, as in muscle, citrate can be broken down to a-ketoglutarate (39). 
Chibnall (168) points out that the interconversion may possibly take 
place through the tricarboxylic acid cycle and that the cycle may supply 
the carbon keletons for glutamine and asparagine. The facts are in 
agreement with this view (see also Vickery and Pucher (169)) but the 
positive evidence is altogether scanty. Chibnall makes it clear that “the 
scheme must be regarded at present as nothing more than a convenient, if 
speculative, working hypothesis'' (see also (170)). 
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7. Alternative Schemes of Carbohydrate Oxidation 

As was pointed out in the previous section there are various types of 
cells where the tricarboxylic acid cycle probably does not occur (such as 
yeasts and bacteria) or where this cycle does not seem to be the only path- 
way of carbohydrate oxidation (such as those animal tissues which form 
acetate from pyruvate). There can be little doubt, therefore, that further 
mechanisms of carbohydrate oxidation exist. The nature of these is 
obscure. The schemes which have so far been discussed are essentially 
speculative. 

Acetate as an Intermediate. — It is reasonable to assume that one of the 
alternative paths^lltf carbohydrate oxidation branches off at the stage of 
pyruvate leading to the formation of acetate. It is not impossible, how- 
ever, that in some materials the formation of acetate might be an “artifact” 
due to the instability of acetyl phosphate (as methylglyoxal has proved 
to be an “artifact” due to the instability of glyceraldehyde phosphate). 

So far all attempts to elucidate the metabolic breakdown of acetate in 
higher organisms, in yeast or in the common bacteria have been unsuccess- 
ful. Kleiiizeller (105) using guinea pig kidney cortex — an animal tissue 
showing a high rate of acetate oxidation (Qacctatc = “"8) — investigated 
the oxidation of the simple two-carbon compounds which might possibly 
be expected to be intermediate in the oxidation of acetate-glycolic acid, 
glyoxylic acid, oxalic acid, glycine but the low reactivity (if any) of these 
substances shows that they cannot be intermediates. This is also true 
for Escherichia coli. The inference is that the oxidation of acetate must 
involve a condensation with some other substance. This might be a 
phosphorylation, or a reaction of the type leading from oxaloacetate and 
pyruvate to the tricarboxylic acids. One condensation reaction of acetate 
is already known: the synthesis of acetoacetate, but as the decomposition 
of acetoacetate (in kidney cortex or in Escherichia coli) is much slower 
than the oxidation of acetate, this type of condensation is in all probability 
not a step in acetate oxidation. 

While the negative results quoted so far exclude certain pathways, a few 
positive clues may be found in the following observations. Acetate oxi- 
dation in kidney slices is inhibited by malonate. Succinic dehydrogenase 
is therefore likely to play a part in the oxidation of acetate in kidney. 
Furthermore, the substances which kidney cortex can oxidize at a rate com- 
parable to that of acetate are the acids of the tricarboxylic acid cycle, 
though knowledge on this point is incomplete, for not every possible inter- 
mediate has as yet been tested. 
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Basing a working hypothesis on these observations one might tentatively 
assume that the mechanism of acetate oxidation in kidney cortex may be 
somewhat similar to the tricarboxylic acid cycle involving, at least in part, 
the same intermediates. As already mentioned, acetyl phosphate might 
condense with oxaloacetate to form cis-aconitate. The difference between 
kidney (which oxidizes acetate) and muscle (which does not oxidize acetate) 
would then be due to differences in the ability to phosphorylate acetate. 
An alternative hypothesis is a modified Thunberg-Knoop scheme (scheme 
1, page 221), proposed by Lipmann (153) who suggests that succinate may 
be formed by condensation of tw'o molecules of acetyl phosphate. Test 
tube experiments point to a third possibility: succinate can condense with 
aldel^ydes, as was shown by Fittig (171), to form y-lactones related to 
isocitric acid. If the aldehyde is glyoxylic acid the condensation is ex- 
pected to yield lacto-isocitric acid: 
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One can thus picture a cycle in which isocitrate is oxidized to succinate, 
and re-formed by condensation with glyoxalate. Glyoxalate itself has 
proved to be metabolically inactive, or even inhibitory in the concentra- 
tions tested (172, 105). This makes it appear doubtful whether glyoxalate 
is an intermediary metabolite, but it remains possible that a related com- 
pound reacts in an analogous manner. 

These considerations, it should be made clear, do not apply to yeast 
where so far no clues to the mechanism of acetate oxidation are available. 
Wieland and his collaborators (173) claim to have shown that yeasts can 
convert acetate into succinate and citrate. Even if this were correct, 
which is doubtful (174), it would not solve the problem of acetate oxida- 
tion. For both citrate and succinate are far too stable in yeast to be 
intermediary metabolites in a major oxidative process. 

Direct Oxidation of Hexoses . — Dickens (175) and Lipmann (176) sug- 
gested a scheme of carbohydrate oxidation in which the first stages are 
the formation of hexose-6-phosphate and the oxidation of this ester first 
to 6-phosphohexonate, then to 2 keto-phosphohexonate and the decar- 
boxylation of the latter to a pentose phosphate. A continuation of this 
process would finally yield pjrruvate. 
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The following observations form the experimental basis of this scheme: 

1. Hexose-6-phosphate is oxidized to 6-phosphohexonate by enzymes 
prepared form yeast (Warburg, Christian and Griese (133)). 

2. Phosphohexonate reacts in the presence of yeast enzymes with 2.5 
molecules of oxygen and forms three molecules of carbon dioxide (Warburg 
and Christian (133)). 

3. Under suitable conditions the oxidation of phosphohexonate by 
yeast enzymes yields products giving Biars test for pentoses and also 
analytically pure compounds corresponding to a phosphorylated four- 
carbon monocarboxylic acid (? phosphoerythronic acid) (Dickens (175)). 

4. Yeast extracts oxidize d-ribose-5-phosphate vigorously while d- 
arabinose-phosphwte and xylose-5-phosphate react slowly (Dickens (175)). 

Dickens points out that according to his scheme d-arabinose-5-phosphate 
is expected to be the intermediate, and the fact that d-ribose-5-phosphate 
should prove to be much more readily oxidizable, introduces a new com- 
plication which so far has not been studied by experiment. 

The scheme is obviously not an alternative to the tricarboxylic acid 
cycle, as it ends where the cycle starts: at the stage of pyruvate. The 
scheme outlines a pathway from carbohydrate to pyruvate alternative 
to glycolysis or fermentation. It may prove a valuable working hy- 
pothesis in the study of those special cases where hexoses are apparently 
oxidized without undergoing a primary glycolytic breakdown. Examples 
are the oxidation of fructose in brain (134), the oxidation of hexose-6- 
phosphate in lysed red blood corpuscles treated with methylene blue (133), 
bacteria which oxidize sugar without fermenting it (177) and possibly 
yeast poisoned with iodoacetate (178). 

III. Problems Related to the Oxidation of Carbohydrate 

1. Introduction 

Knowledge acquired in the study 'of the intermediary stages of car- 
bohydrate oxidation may be expected to shed fresh light on some of the 
general problems in the field of carbohydrate metabolism. Such problems 
are, for example, the nature of diabetes mellitus, the action of insulin, 
glucogenesis, antiketogenesis, the mechanisms of the Pasteur effect, 
the action of vitamin Bi. 

In a few instances it can be said that the expectations have been fulfilled 
and progress toward the solution of the problems has been made. In 
other cases the newer knowledge has contributed little or nothing toward 
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the solution of the outstanding problems — a reminder of the fact that many 
aspects of the intermediary carbohydrate metabolism are still obscure. 

The following discussion is confined to those problems which in the view 
of the writer can be reviewed profitably at the present stage of knowledge 
and which have not been fully reviewed elsewhere. 

2. Interrelations between Protein and Carbohydrate Metabolism 

Glucogenesis from Carbohydrate. — A number of amino acids are 
known to yield breakdown products in the animal body which also arise 
from, and can be resynthesized to, carbohydrate. Glutamic acid, aspar- 
tic acid and alanine, as already n^pntioned, form ketonic acids which are 
intermediates in the tricarboxylic acid cycle. Histidine (179), arginine 
(180, 181), citiulline, proline (180, 182-184), hydroxyproline (182, 183, 
185) and probably lysine (184) all form glutamic acid in liver or kidney. 
In the case of histidine glutamic acid is formed hydrolytically under the 
influence of histidase, formyl glutamine and glutamine probably being 
intermediates (Edlbacher and Kraus (179)). The intermediary stages of 
the formation of glutaminic acid from arginine, citrulline, proline and 
hydroxyproline are not known in detail. The two former amino acids 
first form ornithine. The oxidation of ornithine and proline probably 
yields a-keto-5-amino-valeric acid (180) and then a-ketoglutaric acid. 
As regards lysine the findings of Borsook and Dubnoff (184) strongly sug- 
gest a conversion into glutamic (or aspartic) acid, but some doubt about 
the occurrence of this reaction remains since lysine has not been found to 
be glucogenic. As glutamic and aspartic acids are glucogenic, aminb acids 
which yield these acids should likewise be glucogenic. This is the case with 
arginine, proline, hydroxyproline and histidine (185, 186). The fact 
that the glucogenic action of histidine has been overlooked by the earlier 
workers (see Remmert and Butts (186)) makes a reinvestigation of the 
glucogenesis from lysine desirable. But even negative results would not 
necessarily invalidate the conclusion of Borsook and Dubnoff as a meas- 
urable glucogenesis can be expected only if the rate of glutamic acid 
formation from lysine reaches a certain critical level. 

It becomes clear from this discussion that glutamic acid and a-keto- 
glutaric acid are most important links through which the oxidative break- 
down of protein is connected with that of carbohydrate. Altogether at 
least eight, and probably nine amino acids yield pyruvate on oxidation and 
the problem of glucogenesis from these amino acids is thus reduced to the 
problem of the “re-synthesis” of. carbohydrate from pyruvate. The latter 
problem can be formulated in a comparatively simple manner. It amounts 



to the question of how pyruvate can be converted into phosphopyruvate 
(Meyerhof (187)). Reactions leading from phosphopyyruvate to car- 
bohydrate are already known as the stages of glycolysis between carbohy- 
drate and phosphopyruvate are all reversible (see Table I, column 1). 

While many details are still obscure, it is already possible, as the pre- 
ceding considerations show, to visualize, in broad outline, the intermediary 
stages of the conversion of part of the protein molecule into carbohydrate. 

Tricarboxylic Acid Cycle and Oxidation of Protein. — The fact that 
eight or nine amino acids yield either a-ketoglutarate, or oxaloacetate or 
pyruvate implies that the tricarboxylic acid cycle also plays a role in the 
oxidation of a considerable fraction of j^rotein. In the case of casein, for 
instance, the eight**Wmino acids concerned constitute more than 43% of the 
protein molecule. If lysine is added the figure reaches 48%. Protein 
can thus serve as a source of energy in muscle tissue. Three amino acids 
of the protein molecule — glutamic acid, aspartic acid, alanine — can be 
utilized directly. Part of the molecule, and most of the energy, of five or 
six other amino acids become available after conversion in liver and kidney 
into glutamic or a-ketoglutaric acids. It seems that there is some design 
in the fact tliat the pathways of the metabolic decomposition of so many 
amino acids all join tlie same route: the conversion into the ketonic acids 
of the tricarboxylic acid cycle appears as a reaction which prepares amino 
acids for the utilization by muscle or brain, or other tissues. 

3, Interrelations between Fat and Carbohydrate Metabolism 

Conversion of Fat into Carbohydrate. — Although in diabetes mellitus 
or in depancreatized or phlorizine-treated animals, ingested fat does not 
appear as sugar in the urine, other more direct methods of experimentation 
clearly show the mammalian liver can form carbohydrate from fat (Gem- 
mill and Holmes (188); Blixcnkrone-M0ller (189)). 

Blixcnkrone-M0llei suggests that butyric acid arising from fatty acids 
undergoes 7-oxidation and is converted into succinic -acid which is already 
known to be glucogenic. No other hypothesis has as yet been advanced. 
If the mechanism proposed by BUxenkrone-M0ller is correct yet another 
metabolic pathway, that of the oxidation of fatty acids, joins the tri- 
carboxylic acid cycle, and the principle discussed in the preceding section, 
according to which liver prepares substrate molecules in such a way as to 
make them suitable for the utilization by other organs, would also apply to 
fatty acids. 

Antiketogenesis. — The earlier assumption (Dakin, Shaffer) that the 
antiketogenic effect of carbohydrate and other substances is due to a 
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chemical interaction between the ketone bodies and a breakdown product 
of carbohydrate has not been substantiated by the newer developments. 
No link between carbohydrate and ketone body breakdown has been found; 
in view of the fact that nothing is known about the mode of breakdown of 
acetoacetic acid, the failure to discover such a link does not, of course, ex- 
clude its existence. 

A different conception of the phenomenon of antiketogenesis is now 
gradually emerging from various investigations. While the earlier hy- 
pothesis assumed that antiketogenic substances intervene in the decomposi- 
tion of ketone bodies, it is now suggested that they prevent their formation, 
by way of a competitive reaction: substances are antiketogenic if they are 
oxidized, in liver, in preference to fat. Accumulation of ketone bodies 
in the body is assumed to be due to the fact that the capacity of the body 
for utilizing ketone bodies is limited and is smaller than the maximum 
capacity of the liver for producing ketone bodies. The latter capacity is, 
however, not fully employed as long as other oxidizable substances are 
available. It comes into play in starvation, or in diabetes, when car- 
bohydrate cannot be utilized. The first to express this view, though in a 
crude, entirely speculative and not altogether acceptable form, was 
Macallum (190). The hypothesis was elaborated and provided with 
an experimental basis by Edson and the writer (191) in 1936. It was shown 
that substrate competition is a general phenomenon when several oxidizable 
substances are available (see Section I, 1). Further evidence supporting 
this explanation of antiketogenic effects has more recently been adduced 
by Mirsky (192) and by Stadie (193). 

A more detailed analysis of the mechanism of substrate competition must 
await the results of further investigations of the enzyme systems concerned 
with the formation of acetoacetate. It is possible, however, from what 
is already known about the general structure of dehydrogenating enzyme 
systems, to picture the general pattern of the mechanism of competition. 
Competing systems presumably have one component, possibly a co- 
enzyme, in common. The total quantity of this compound limits the 
total oxidizing capacity of the systems, while the relative affinity of the 
common factor for the various enzyme systems determines the proportions 
in which various substrates are oxidized. 

Edson (191) points out that apart from substrate competition there may 
be other mechanisms controlling ketogenesis; for instance, the powerful 
antiketogenic effects of glycerol in liver slices may require some special 
explanation. 
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I. Name 

The name pantothenic acid (Gr. from everywhere) was given (1) because 
of the ubiquitous occurrence of the principle, before it was definitely known 
to be a vitamin. The retention of the name and the failure to use any 
letter-number designation for it marks an early departure from the tradi- 
tional alphabetical vitamin nomenclature, and one which is almost certain 
to be followed in the future. It has been suggested that the name of the 
principle can, for certain purposes, be shortened conveniently to panto- 
then (2). 
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II. Isolation 

Because of its hydrophylic and polyfunctional nature, making pre- 
cipitation and crystallization difficult, and because methods have not been 
devised for isolating adds of this type, the isolation of pantothenic acid 
from natural sources in entirely pure form has never been accomplished. 
Five years after the original paper (1), Williams and co-workers (3) an- 
nounced (1938) the isolation of about 3 gm. of 40% pure calcium salt and 
small quantities of over 90% pure salt, from 250 kg. of sheep liver. 

The process involved (a) autolyzing liver to obtain a clear filtrate, (6) 
removal of bases by adsorption on fuller’s earth, (c) adsorption of the prin- 
ciple on charcoalmnd subsequent elution, (d) evaporation to dryness on 
kieselguhr in the presence of brucine and brucine oxalate, (e) extraction 
of the residue with dry chloroform to obtain brucine pantothenate mixed 
with other brucine salts, (j) a long and laborious procedure, using frac- 
tional distribution of the brucine salts between chloroform and water, 
{g) conversion to the calcium salt, {h) fractionation of the calcium salts 
with various solvents and solvent mixtures. 

The final material was about 11,000 times as potent as a rice bran prepa- 
ration which originally had been a starting material, and was retained as 
a “standard.” 

Three other groups of workers indei>endently reported progress in the isolation of 
what ultimately proved to be pantothenic acid. 

Koehn and Elvehjem (4) in concentrating the ‘‘antipellagra factor” for chicks (1937) 
obtained a preparation which- contained 40% of the vitamin present in the original 
liver extract, and only 0.64% of the solids. This represented a 62-fold concentration 
starting with the liver extract. When doses of 0.7 mg. per day were fed to chicks, 
pellagra was prevented and the chicks gained 67 gm. more than those on the control 
diet, in 6 weeks. Though exact evaluation is impossible, it appears that the preparation 
may have contained 5%, and possibly more, of pantothenic acid. In 1938 Woolley, 
Waisman, Mickelsen and Elvehjem (5) reported regarding this same material “no 
increase in potency has been obtained.” The same preparation contained nicotinic 
acid because it cured black-tongue in dogs (4). 

Sneli, Strong and Peterson (6) studying an “accessory factor for lactic acid bacteria” 
obtained in the same year (1937) a preparation which subsequent work shows to have 
been approximately 10% pantothenic acid. In 1938 (7) they indicated “a long series 
of fractionation procedures [applied to the 10% material] resulted in only about twofold 
increase in activity.” Their “best preparation contained approximately 26% panto- 
thenic acid.” 

The collaborators at the Lister Institute and the University of Manchester (1939) 
obtained pantothenic acid (designated by them “liver filtrate factor”) in approximately 
25% purity (8, 9). 

Subsequent to the publication of Williams and collaborators (3) two other groups of 
investigators reported serious attempts to purify pantothenic acid. 
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Subbarow and Hitchings (10) by modifying Williams' procedure obtained *^510 mg. 
of white vamish-like calcium salt (corresponding to Williams' fraction C)" [ca. 76% pure] 
from 160 kg. of liver. This preparation stimulated rat growth when administered at 
the rate of 8 mg. per rat per week. 

Kuhn and Wieland (11) used as raw material 4 tons of tunny fish liver.. By using 
(a) several precipitation procedures to remove inert material at various stages, {b) ad- 
sorption and elution using charcoal, (c) precipitation of the active principle with barium 
hydroxide in methanol, (d) chromatographic adsorption on alumina, they obtained 
material about 6% pure. They concluded that the active material was the same as 
that obtained from mammalian liters. Pure pantoic lactone was obtained from their 
concentrate by hydrolysis and, in addition, /S^alanine, leucine and what appeared to be 
a homolog of pantoic lactone. Only the pantoyl-/3-alanine had physiological activity 
for S. plantarum which was used as a test organism. 

III. Recognition of Physiological Importance 

The earliest recognition of a physiological effect which may be ascribed 
predominantly to pantothenic acid may be ascribed to Ide (12) [Wildiers 
(13) ] who in 1901 found ^^bios'^ to be indispensable for the growth of yeasts. 
Under the conditions of the experiments reported, involving very low 
seeding and prolonged incubation time (Hansen I yeast), pantothenic 
acid is effective and is the only substance which appears to have chemical 
and physiological characteristics similar to the active principle studied. 
Biotin, for example, while an exceedingly potent yeast growth stimulant 
when tested for under appropriate conditions, is too stable for “bios,’' and 
does not show it^ effect when small seedings and long incubation periods 
are used. During long incubation periods, biotin is synthesized by the 
yeast rapidly enough to produce extensive growth (14). The recognition 
of pantothenic acid as a single effective nutrilite did not come until 1931 
(15) and 1933 (1). 

The discovery of the effect of the principle now known as pantothenic 
acid on bacteria should be ascribed to Snell, Strong and Peterson (6, 7) 
who used lactic acid bacteria as test organisms in their concentration 
procedure, which resulted in highly potent material. 

Possibly the first recognicion of an effect on animal life due largely to pantothenic acid 
deficiency was that of R. R. Williams and R. E. Waterman (16) who discovered ^Vitamin 
Bs," necessary for weight maintenance in pigeons. The effect observed was doubtless 
complicated by other factors as would necessarily be the case so early in the history of 
“vitamin B." A syndrome in chicks which is now known to be due, in a considerable 
degree, to pantothenic acid deficiency was discovered by Norris and Ringrose in 1930 
(17). A condition resembling uncomplicated pantothenic acid deficiency more closely 
was produced by Kline, Keenan, Elvehjem and Hart (18) who introduced the heated 
diet into studies of chick nutrition. The diet of Norris, et al., was deficient in a 
number of the members of the “B complex” which are required by young chicks, whereas 
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that of Kline, et al., was almost lacking pantothenic acid and was deficient in ribo- 
flavin (19), as well as an unknown factor or factors (20, 21). The identity of the **chick 
antidermatitis factor” and pantothenic acid was strongly indicated by Woolley, Wais- 
man and Elvehjem (22) who showed the former was a /3-alanine derivative (like panto- 
thenic acid), and by Jukes (23) who tested highly potent concentrates furnished by 
Williams and co-workers. 

The “liver filtrate factor” required by rats (8) which was concentrated by the English 
workers, was later found to be replaceable by pantothenic acid (9) and it is clear that 
these workers were concerned with pantothenic acid as a physiological principle required 
by the rat. Subbarow and Hitcliings (10) first reported pantothenic acid, as prepared 
by Willisfms and co-workers, to be a growth substance for rats. Morgan and co-workers 
(24) found graying of the fur of rats accompanied by adrenal and other lesions (25) to 
be due to “filtrate factor” deficiency and suggested the possibility that pantothenic 
acid might be invoMI’W. Negative indications, however, were obtained. Gyorgy, 
Poling and Subbarow (26) obtained positive evidence with regard to the efficacy of 
pantothenic acid in curing the gray hair condition in rats. 

IV. Chemical Structure and Synthesis 

1. Preliminary Findings 

Long before pantothenic acid had been isolated or even concentrated, 
indirect experimental evidence was obtained indicating that its molecular 
weight was about 200; that it had in its stnicture no olefine double bond, 
aldehyde, ketone, sulfhydryl, basic nitrogen, aromatic or sugar group 
(1); that it was an acid with an ionization of about 3.9 X 10“^ (27) and 
possessed several hydroxyl groups (1) and a nitrogen atom with barely 
detectable basic properties (28). These extensive preliminary findings, 
which are unique in the history of the isolation of physiological principles, 
were made possible because a highly quantitative biological method for 
determining pantothenic acid could be used (1, 29, 30) and because of the 
extensive use of a relatively new tool, i. e., fractional electrical transport 

(31). 


2. Alanine as a Cleavage Product 

The first definite step in the elucidation of the exact structure of panto- 
thenic acid involved the discovery of /S-alanine as a cleavage product (32, 
33). Previous to this )3-alanine had been found to be a yeast growth 
stimulant (34) when used in minute doses, and it later became clear that 
yeast used /3-alanine as a ^^building stone'' in the production of panto- 
thenic acid. /3- Alanine previously was known in the free condition and 
as a constituent of the peptides, carnosine and anserine, but its physio- 
logical significance was obscure. The combination of /8-alanine in panto- 
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thenic acid was found to be different from that in carnosine or anserine, 
because in pantothenic acid no amino group was present. In the two 
peptides the carboxyl group of the /3-alanine is involved in the*' linkage 
while in pantothenic acid the amino group is involved. /3-Alanine was 
first identified as a cleavage product of pantothenic acid because of its 
physiological effects upon yeast. Later it was isolated and identified as 
a-naphthalcne sulfo-/3-alanine (33). 

3. Niirogen~Free Portion of the Molecule 

Evidence was obtained by Williams and co-workers that the other 
cleavage product of the pantothenic acid molecule was an a-hydroxylactone 
in which the lactone was probably the 7 - variety (35). Elementary anal- 
ysis of the most potent pantothenic acid concentrates (36), however, had 
indicated that this lactone possessed five carbon atoms, instead of the six 
actually present. Later Williams and Major (37) announced that the 
lactone, as isolated in pure form in the Merck Laboratories from panto- 
thenic acid concentrates, has the structure indicated by the name: a- 
hydroxy-^,/ 3 -dimethyl- 7 -butyrolactone. Simultaneously Woolley (38) 
reported obtaining a small amount of crystalline material thought to be the 
non-nitrogenous portion of pantothenic acid, but no analysis or structure 
was given. 

The lactone derived from pantothenic acid for which the appropriate 
name pantoic lactone has been suggested (39) was not a new compound 
as it had long before been synthesized and obtained in racemic form by 
Glaser (40). The natural lactone, m. p. 91-92®, [aj^ —49.8®, was isolated 
and its structure determined by degradation by Stiller, Keresztesy and 
Finkelstein (41) and was synthesized by Stiller, Harris, Finkelstein, 
Keresztesy and Folkers (42) following, with modifications, the work of 
Wessely (43) and Glaser (40) and Kohn and Neiist^ter (44). a,a- 
Dimethyl-j3-hydroxypropionaldehyde was prepared by aldol condensation 
of isobutyraldehyde and formaldehyde (43). This aldol was converted 
into its bisulfite compound and this into the cyanohydrin which was 
saponified to produce the lactone in good yield. The racemic lactone 
was resolved by fractional crystallization of the quinine salts, and the 
(+) lactone racemized in order to increase the yield of the desired ( — ) 
lactone, by heating the sodium salt in water solution. 

Reichstein and Griissner (45) and Carter and Ney (46) have developed 
modified procedures for preparing the lactone, involving the direct reaction 
of calcium chloride and sodium or potassium cyanide on the aldol in aqueous 
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solution, and Major and Finkelstein (47) have successfully used optically 
active quaternary ammonium bases, such as quinine methohydroxide, to 
resolvelhe lactone. Griissner, Gatzi-Fichter and Reichstein (48) and Parke 
and Lawson (123) have assigned to the (— ) lactone the d configuration. 

4. Methods of Condensation 

Groundwork had already been laid for the synthesis of pantothenic acid as soon as 
the structure of the two constituent parts was known. 

Williams and co-workers in June, 1938, before the presence of a /3-alanine residue in 
the pantothenic acid molecule had been announced, had brought about a partial syn- 
thesis of pantothenic acid by condensing a /3-alanine ester with the impure lactone 
obtained from a pan|#thenic acid concentrate; the ester so obtained was hydrolyzed 
to yield the physiologically active pantothenic acid (49). Similar partial syntheses 
were accomplished independently by Snell, Strong and Peterson (50), received February, 
1939, and Woolley, Waisman and Elvehjem (51), received March, 1939, who were investi- 
gating an .“accessory factor for lactic acid bacteria^* and the “chick antidermatitis 
factor,” respectively, from the standpoint of their relationship to pantothenic acid, 
which was now recognized as a /3-alanine derivative of a dihydroxy acid (32). 

There are two fundamental practical methods for the synthesis of 
pantothenic acid. One involves the reaction of pantoic lactone with a 
i3-alanine ester. This was first used by Williams and co-workers (48, 49) 
using crude lactone from natural sources, and was developed on a prac- 
tical scale using the synthetic lactone by Stiller and co-workers (42) and 
independently by Reichstein and Griissner (45) and Kuhn and Wieland 
(52). In the early experiments of Snell, Strong and Pel^erson (50) and 
Woolley, Waisman and Elvehjem (22, 51) a modification of the ester-lactone 
condensation was used. Steps were taken to produce the acid chloride 
of the acetylated pantoic acid for use as a reactant, but since the acid 
chloride was not isolated it may well have been the acetylated lactone 
itself which condensed with the /3-alanine ester. These experiments 
were carried out before the non-nitrogenous part of pantothenic acid was 
known to be a lactone which would itself react with /3-alanine esters. 
Kuhn and Wieland (52) utilized the benzyl ester of /3-alanine to react with 
pantoic lactone, and subjected the product to catalytic hydrogenation. 

The use of /3-alanine esters for the synthesis has two disadvantages. 
The simple alkyl esters, at least, are difficult to prepare or keep since they 
polymerize readily on standing (53). When an ester of /3-alanine is used, 
the corresponding ester of pantothenic acid is produced, and a subsequent 
cleavage of the ester is necessary to obtain pantothenic acid, which is 
itself subject to hydrolytic cleavage under rather mild conditions. 

The other general method of synthesis obviates both of the difficulties 
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mentioned above. It involves the reaction between the pantoic lactone 
and a salt of /3-alanine to yield directly a salt of pantothenic acid. This 
was first carried out in alcoholic solution in Williams^ laboratory, but a 
poor yield was obtained. Later when synthetic pantoic lactone became 
available, Williams, Mitchell, Weinstock and Snell (49) obtained a theo- 
retical yield of sodium pantothenate by reacting dry pantoic lactone with 
sodium /3-alanate. Independently Babcock and Jukes (54) carried out 
the reaction in concentrated water solution with good yields, and Woolley 
(55) proposed a synthesis along somewhat similar lines except that the 
unnecessary steps involving acetylation and the use of thionyl chloride 
to produce the acid chloride were included. Moore (56) has obtained pan- 
tothenic acid by condensation of pantoic lactone with free /3-alanine. 

5. Resolution 

The resolution of pantothenic acid by use of its quinine salts was re- 
ported by Stiller, Harris, Finkelstein, Keresztesy and Folkers (42) simul- 
taneously with their announcement of the total synthesis of pure panto- 
thenic acid. As indicated above, the pantoic acid portion of the molecule 
bears the asymmetric carbon atom and the natural lactone is levorotatory. 
Free pantothenic acid has been obtained in the form of a pale yellow viscous 
oil with a rotatory power, [ajS +37.5°. The calcium salt is likewise 
dextrorotatory, [af^ +24.3°. Kuhn and Wieland (52, 57) also brought 
about the resolution of pantothenic acid by fractional crystallization of 
the quinine and cinchonidine salts, and Stiller and Wiley (58) used quinine 
rnethohydroxide for its resolution, as did Major and Finkelstein (47) for 
resolving pantoic lactone. 


6. Specificity 

When /3-alanine was discovered to be a nutrilite for yeasts (34) its action 
in this respect was found to be unique in that none of the common a- 
amino acids, or such closely related /3-amino acids such as /3-amino butyric 
*acid or isoserine, CH 2 NH 2 CHOH — COOH, had a physiological effect which 
was in any way comparable with that of /3-alanine (59). Weinstock and co- 
workers (60) have recently condensed various amino acids including a- 
alanine^ /8-aminobutyric acid, aspartic acid and lysine with pantoic lactone, 
and found the products to be biologically inactive. Kuhn and Wieland 
(11) found the leucine-pan toic lactone condensation product also to be 
inactive physiologically. These observations point to a definite biological 
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specificity so far as the /3-alanine portion of the pantothenic acid molecule 
is concerned. 

The non-nitrogenous portion of the pantothenic acid molecule can be 
altered in a number of ways without completely destroying the physio- 
logical potency. The optical antipode of natural pantothenic acid appears 
to have substantially no physiological activity either on microorganisms 
or on experimental animals (42); the configuration of the asymmetric 
carbon atom therefore cannot be inverted without destroying the physio- 
logical effectiveness. Among the lactones found in Williams^ labora- 
tories (35) to have some slight physiological activity when condensed 
with /3-alanine, are the following: 

OH 

OH I CH3OH 

I CH2CH2(:— CO I I 

CHaCHCHiCHCO I I 1 CHjCH CHCO 

I O » I CHj I I O 1 

I o 1 

a-Hydroxy-7-valerolact()ne a-Hydroxy-a-methyl-7- a-Hydroxy-/9-inethyl-7- 

butyrolactone butyrolactone 

Subbarow and Rane (61) and Woolley and Hutchings (62) have reported 
that a,6-dihydroxyvaleryl-/3-alanine is physiologically effective on certain 
strains of hemolytic streptococci but is required in much larger amounts 
than is pantothenic acid. Snell, Woolley and Strong (63) independently 
prepared and tested several of the /3-alanine derivatives referred to above 
with similar findings. The activity for lactic acid bacteria (35) was in 
each case only a fraction of a per cent as great as that of pantothenic acid, 
but was nevertheless great enough to be readily detected. It may be 
noted that all of the compounds capable of yielding /3-alanine derivatives 
with a trace of physiological activity, have an a-hydroxyl group. 

Reichstein and Griissner (45) found a, 7 -dihydroxy valeryl-/3-alanine 
and a, 5-dihydroxy valeryl-/3-alanine to possess no more physiological 
activity for rats than free /3-alanine. 

Hydroxypantothenic acid, prepared by Mitchell and co-workers (64, 
65) from hydroxypantoic lactone and sodium i3-alanate, is definitely more 
active than any of the other known compounds closely related to panto- 


CH2OH 



Hydroxypantoic lactone 
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thenic acid. Its physiological activity varies from 1.5% to 25% of that of 
pantothenic acid depending upon the microorganism used and the condi- 
tions of testing. From this interesting fact it was deduced that probably 
hydroxypantothenic acid is not a naturally occurring substance, since 
preparations from natural sources do not vary in this manner when tested 
in comparison with synthetic pantothenic acid. Hydroxypantothenic 
acid was found to have physiological potency for rats but was an incom- 
plete substitute for pantothenic acid (66). 

In connection with the question of specificity, the finding of Kuhn and 
Wieland (11) of what was thought to be a homolog of pantoic lactone in 
the hydrolysis product of their pantothenic acid concentrate, is interesting, 
but the condensation product of this lactone and j3-alanine did not possess 
physiological activity. 

We must conclude that pantothenic acid, as it is found widespread in 
nature, is probably a single definite chemical substance. )3-Alanine de- 
rivatives with closely related structures appear to have at most very slight 
physiological activity, or are incomplete substitutes for natural panto- 
thenic acid. 

It should be pointed out that substances which act as building stones 
for the production of pantothenic or which yield pantothenic acid on 
hydrolysis, may promote growth in a manner similar to pantothenic acid. 
Thus, for yeast, jS-alanine serves as a precursor of pantothenic acid, but is in 
general much less effective even on an equal weight basis. /^-Alanine is 
relatively effective in the presence of low concentrations of other amino 
acids (asparagine or aspartic acid), but is much less effective when the 
amino acid concentration in the medium is high (33). This is apparently 
due to a competitive action of other amino acids in preventing the ab- 
sorption of iS-alanine by yeast. /3-Alanine also serves as a '^growth sub- 
stance^' for the diphtheria bacillus (67). Pantothenic acid is effective 
at even lower concentrations and the evidence points clearly to the proba- 
bility that /3-alanine is a precursor of pantothenic acid. 

Hoffer and Reichstein (68) in preliminary experiments found /3-alanine 
to be physiologically effective for rats, but the importance of /3-alanine 
in this connection has not been confirmed elsewhere (69, 70) or in Reich- 
stein's laboratory (48). 

Woolley (71) found that a strain of hemolytic streptococcus gave a 
growth response when pantoic acid without /3-alanine was added to the 
culture medium. Again pantothenic acid itself was more effective and 
it was concluded that pantoic acid served as a precursor of pantothenic 
acid. Yeast is affected by relatively high concentrations of pantoic acid 
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ill the presence of /3-alanine, but too high concentrations were required 
to make it a useful test (72). Lactic acid bacteria, on the other hand, are, 
in general, not materially aflfected by moderate concentrations of either 
pantoic acid or /3-alanine or hydrolyzed pantothenic acid which contains 
both (50). 

Even animals are able to bring about some synthesis of pantothenic acid 
if the two fragments, i3-alanine and pantoic lactone, are furnished in abun- 
dant quantities. Babcock and Jukes (54) reported that chicks responded 
definitely to such a mixture and calculated that roughly 0.06% coupling 
took place in vivo. Griissner, Gatzi-Fichter and Reichstein (48) found 
that pantoic lactone (0.5 mg. per day) in the presence of /3-alanine (0.5 
mg. per day) promoted the growth of rats so that they gained 1.8 gin. 
per day as compared with 0.35 gm. per day for the controls. The question 
may be raised whether the synthesis of pantothenic acid in experiments 
such as these is being effected in the tissues of the animal or in the intestine 
by bacterial action. 

The alkyl esters of pantothenic acid and their acetyl derivatives are 
ineffective as nutrilites for yeast or lactic acid bacteria. However, such 
derivatives are apparently hydrolyzed in the digestive tract of animals. 
Griissner, ei al. (48), found ethyl and methyl pantothenates to be effective 
in promoting the growth of rats and Unna and Mushett (73) found ethyl 
monoacetyl pantothenate and ethyl pantothenate to be as effective on 
rats as an equimolecular amount of calcium pantothenate. Ethyl mono- 
acetyl pantothenate was also tested upon chicks and found to be fully 
effective. Woolley (74) found pantothenic acid diphosphate to be bio- 
logically inactive when tested on microorganisms. 

Pantothenic acid as it occurs in natural foods is often in a combined 
form, and there are indications that it may be bound through an amide 
linkage to proteins (75). This combination certainly serves as an effective 
source of pantothenic acid, and digestive enzymes must cause its liberation. 
Bound pantothenic acid, like the esters and their acetyl derivatives, are, 
in general, ineffective for microorganisms and require preliminary libera- 
tion. 

In connection with the problem of specificity, the “anti-vitamin” activity 
of pantoyl taurine discovered by Snell (76, 77) is interesting. This sub- 
stance when introduced into the culture media for yeasts or lactic acid 
bacteria inhibits growth, but its effect is overcome by additional panto- 
thenic acid. It appears that there is a competition between pantothenic 
acid and pantoyl taurine. When the ratio between the concentrations of 
pantoyl taurine and pantothenic acid is sufficiently high, pantothenic 
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acid is ^^blocked out^^ and growth ceases. This inhibition apparently is 
observed only in those organisms for which pantothenic acid is an essential 
nutrilite. Its effects on animals is being studied. 

V. Origin-Distribution-O'iantitative Determination 

The fact that pantothenic acid appears to be everywhere in living matter, 
as the name suggests, has no bearing oh the question of whether deficiencies 
exist. Recent studies (78, 79) indicate that pantothenic acid shares its 
universal presence in living matter with all the other B vitamins. Even 
though thiamin, for example, probably occurs universally, diets which 
are quantitatively deficient in thiamin are common. 

Pantothenic acid has two types of origin both of which are probably 
important. Green plants under sterile conditions can, after the photo- 
synthetic apparatus is functioning, produce pantothenic acid (80) and at 
must be assumed that this is an important source in the economy of nature. 
Various molds (1, 81), bacteria (79) and yeasts (82, 83) produce panto- 
thenic acid when grown on a medium which is free from it. Some yeasts 
apparently require /3-alanine as a building stone while others do not. 
Molds and bacteria may require a nutritional source of pantothenic acid 
or may be stimulated by it, but in any case it appears always to be present 
in the cells produced. The production of pantothenic acid in the soil by 
molds and bacteria may be important and its bacterial production in the 
rumen of herbivorous animals certainly is. 

Rohrman, Burget and Williams (84) first made determination of the pantothenic 
acid content of various animal tissues, and noted the effect of autolysis. Jukes (86, 
87), Jukes and Lepkovsky (85) and Bauemfeind (88) have given values for a number 
of foods and feed materials. Peterson and Elvehjem (82) have studied the content of 
yeasts; Waisman, Mickelsen and Elvehjem (89) meats and meat products. Strong 
and co-workers (90, 91) have assayed foods (and other materials) and found no great 
destruction in foods by cooking. Pearson (92) has determined the pantothenic acid 
content of blood of six species including human’s. Waisman, Henderson, Mclntire 
and Elvehjem (93) have found the pantothenic acid content of meats as determined 
microbiologically to be increased by enzymatic digestion. Wright and collaborators 
(94) have given sissay values for various rat, mouse, beef and hog tissues (autolysates), 
and Williams and co-workers (95) have studied the content of tissues during embryonic 
development. These latter studies at the University of Texas have been extended, using 
enzymatic hydrolysis (96), to human tissues (97), diverse organisms (98), miscellaneous 
foods (99), bacteria (100), cell nuclei (101) and cancer tissues (102, 103). Miscellaneous 
additional information regarding the distribution of pantothenic acid will be found in 
articles referred to later in connection with assay methods. The very high content of 
“royal jelly” (104) is worthy of special notice. 
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The yeast .growth method was used in the discovery (1) nnd isolation 
(3) of pantothenic acid but it was fully recognized, especially in the later 
stages of concentration, that the test was not entirely specific, when used 
on crude preparations. For testing potent concentrates it was highly 
specific and accurate (33) except for the /S-alanine effect. When the 
method as applied to tissues was studied later it was abandoned in favor 
of a bacterial test, partly because of the possibility of jS-alanine inter- 
ference and partly because of the toxic effects of ^^old^^ extracts on yeast. 

The methods involving the use of Lactobacillus casei are based upon the 
fundamental findings of Snell, Strong and Peterson (6, 7, 50) and have 
been developed by Pennington, Snell and Williams (105) and Strong, 
Feeney and (91). The two methods give substantially the same 

results; in the latter case asparagin is added to the culture medium, but 
does not modify the assay values materially (91). 

']* 

An ideal basal medium for these tests would be a completely synthetic one, but this 
is for the future, and it is necessary to introduce alkali-treated natural extracts (in which 
the pantothenic acid is destroyed). Various interfering substances may complicate 
the test (lOo, 106, 107, 108) but there are fairly satisfactory remedies for all the diffi- 
culties. The use of an alkali-treated extract of the material to be assayed, in the basal 
culture medium as suggested by Pennington, et al (105), is an important expedient. 
Blood (or any material which is a very poor source of pantothenic acid) offers real diffi- 
culties, which, however, are not insurmountable (109). 

Another bacterial method is based upon the observations of Pelczar and Porter (110) 
with regard to the pantothenic acid requirements of Proteus morganii and has been 
developed and applied by fnem to the assay of blood and urine (111, 112). Responses 
are obtained from 0.001 y pantothenic acid per 10 ml. culture. Their values for blood 
are a little more than one-fourth of those obtained by Stanbery, et al. (109), and Pearson 
(92) using the L. casei method. The cause of this discrepancy is not known but may 
have been due to differences in the preparation 'of the samples for analysis or to differ- 
ences in the ability of the organisms to utilize the pantothenic acid as it occurs in the 
blood. The values obtained by this method for urine (average 3.81 mg. p)er day) agree 
substantially with those of Gordon (113) (3.52 mg. per day) and Pearson (114) (3.19 
mg. per day average for 3 subjects) and Wright and Wright (115) (ca. 3.3 mg. per day), 
as determined by using L. casei. 

The number of bacteria which are potentially usable for pantothenic 
acid testing is large. Among those used rather extensively beside the two 
mentioned arc Streptococcus lactis (35) and Streptobacterium plantarum 
(11). The existence of alternative microbiological methods by which 
pantothenic acid may be determined is an advantage, because they can 
be used to check one another, and if one fails for certain materials others 
may be applicable. All microbiological methods have the advantage of 
being applicable to small amounts of material. The method of Pen- 
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nington, et al, has been adapted to determine 0.0002 y to 0.001 y (total) 
of pantothenic acid (116). 

The chick growth method has been used mast extensively by Jukes 
( 86 , 87) and since it involves only a two- week growth period on young 
chicks (which are readily available) it is relatively simple compared with 
other animal assay methods. The results are in general in good agreement 
with those obtained by bact(Tial assay (L. casei), but when certain ma- 
terials such as liver extract, rice bran extract and, particularly, yeast are 
tested, the values by the chick method are much higher than the values 
obtained by bacterial assay (116). Gyorgy (117) has indicated that the 
chick assay method is more reliable, because of difficulties of extraction 
involved in the bacterial methods. The writer^s interpretation is that 
the chick assay method in some cases gives much too high values, simply 
because of the presence of growth-promoting substances for chicks, other 
than pantothenic acid, in the materials tested. It is and has been well 
recognized that a heated diet such as is used in chick assays is low in at 
least one other principle needed by chicks, besides pantothenic acid ( 20 , 
118, 119, 120). 

A chemical method for determining pantothenic acid has been rather thoroughly 
investigated by Thompson (121) at the writer’s suggestion. The method was based 
upon the selective oxidation of pantoic lactone by lead tetraacetate and the hope that 
other lactones obtained from natural sources would not be of the type to be affected. 
The oxidation was found to be erratic and not very selective when applied on a micro 
scale to natural extracts and there seemed no hope of devising a method which would 
be useful at the present time. 

During earlier study of pantothenic acid various “units'^ were employed 
for designating quantities. One ^‘gram unit^' ( = 80 7 Ca pantothenate) 
was employed by Williams and co-workers (3). A chick unit (= 14 7 Ca 
pantothenate) was utilized by Jukes ( 86 ) and a streptobacterium unit 
(0.02 7 ) was used by Kuhn and Wieland ( 11 ). Since pure salts are now 
available these units are of no value, and a quantity of pantothenic acid , 
can best be expressed in terms of weight. 

Calcium pantothenate was the first salt prepared; it is available in pure 
crystalline form and since it has been used extensively as a standard sub- 
stance there seems to be no good reason for changing, though because of 
its greater ease of crystallization, Gatzi-Fichter, Reich and Reichstein 
( 122 ), and Parke and Lawson (123) have suggested the use of the sodium 
salt. The equivalent weights of sodium and calcium are similar, so that 
weights expressed in terms of the two standards would be about the same. 
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VI. Physiological Fimctioning 

1, Fundamental Role or Roles 

Among the first observations made with regard to the physiological 
functioning of pantothenic acid was that it stimulated the growth of alfalfa 
seedlings and caused an increase in carbohydrate production, without 
increasing the nitrogen assimilation (80). Later it was observed that 
glycogen storage in yeast was increased very definitely when pantothenic 
acid was supplied (124). These facts suggested that pantothenic acid 
probably plays some fundamental role in carbohydrate metabolism. As 
long as the effects are observed on living organisms, however, the question 
may always be'^ked: Is the effect direct or indirect; does pantothenic 
acid itself enter into the carbohydrate metabolism mechanism or does it 
affect the process by functioning in some other w ay necessary to the meta- 
bolic activity of the organism? 

Pratt and Williams (125) reported that pantothenic acid had a slight 
definite -effect on fermentation by dialyzed yeast maceration juice, but 
Teague and Williams (126) reported inability to confirm this observation. 
In the latter study the possibility of pantothenic acid entering into the 
fermentation process in the non-living system could not be ruled out, 
since no maceration juice capable of carrying on fermentation could be 
prepared, which did not contain combined pantothenic acid in appreciable 
amounts. It was concluded that pantothenic acid probably did not con- 
stitute a dissociable cuenzyme, involved in any of the recognized steps. 
It may well be that there is some as yet unknown mechanism whereby 
pantothenic acid is built into an essential enzyme system, which is con- 
cerned with carbohydrate metabolism, and that failure to preserve this 
mechanism results in pantothenic acid becoming ineffective. In a living 
organism this hypothetical mechanism is always present and pantothenic 
acid becomes effective. 

It must be admitted that up to the present time knowledge regarding the 
fundamental role or roles of pantothenic acid is very scanty. Many 
effects of deficiencies on animals will be mentioned in later paragraphs but 
these are mostly, without doubt, secondary. 

Dorfman, Berkman and Koser (127) have recently studied the effects 
of pantothenic acid on the metabolism of Proteus morganii (110). Oxygen 
uptake by deficient cells with pyruvate as substrate was greatly stimulated 
by pantothenic acid, even though no increase in cell numbers occurred, 
but no experiments were carried out using non-living systems, and the 
position occupied by pantothenic acid in the metabolism mechanism could 
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not be ascertained. The authors concluded that probably pantothenic 
acid has some role in connection with the oxidation of pyruvic acid. If 
it is directly concerned in this, it must play a dual role (and this is not 
impossible) because pantothenic acid is absolutely essential to the metabo- 
lism of many organisms which yield lactic acid as an en^ product of metabo- 
lism. It seems not improbable that when bacteria utilize lactic or 
pyruvic acid as a fuel, complex preliminary syntheses must precede their 
utilization, and that pantothenic acid enters into some of these processes. 

The presumption, in view of the known functions of thiamin, nicotin- 
amide and riboflavin, is that pantothenic acid fits into some enzyme system 
(or systems) which is essential to metabolism. What this enzyme system 
is or what these enzyme systems are is not known. There are some facts 
which suggest that pantothenic acid may be concerned with carbohydrate 
metabolism, but this is not certain. Wright (128) has recently shown 
that glucose administration to rabbits causes a lowering of the panto- 
thenic acid content of the blood. This again strongly suggests a function 
in carbohydrate metabolism, but the effect may be indirect. 

It may well be emphasized that the role played by pantothenic acid is 
without doubt a fundamental one, since it appears to be present in every 
living cell. In a complex organism it is essential to all types of cells and 
to the functioning of all kinds of tissues^ It is not surprising, in view of 
this fact, that diverse pathological changes may result from its deficiency. 

2. Deficiencies and Requirements 

General Discussion. — Among the symptoms which have been fairly 
well established as connected with pantothenic acid deficiency in animals 
or fowls are the following: dermatitis; keratitis; adrenal hemorrhage, 
atropy and necrosis; cortical fat depletion; ^‘blood caked” whiskers; 
depigmentation of the hair (or feathers); failure to grow; loss of weight 
(adult); loss of appetite, emaciation; loss of coordination; loss of hair 
(alopecia); thymus involution; fatty livers; stomach and intestinal ulcers, 
diarrhea; heart damage; kidney damage; anemia; rapidrespiratoryrate; 
rapid heart rate; prostration or coma; sudden death; convulsions; gastro- 
intestinal symptoms; loss of viability (eggs) ; paralysis; myelin degenera- 
tion, sciatic nerve and spinal cord damage; peripheral neuritis; sores about 
the mouth and nose; hemorrhages under the skin, severe oral lesions; 
abnormal cartilage (tibia); spinal curvature; increased appetite for salt. 

It seems reasonable that only the lack of a substance, fundamental to 
cellular physiology in general, could cause such diverse symptoms. From 
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a study of the tissues of chicks deficient in pantothenic acid (129), it was 
concluded that every tissue became deficient, and presumably this would 
be true for any deficient animal. It seems that the particular part of the 
animars mechanism, which appears .to break down, depends upon the 
peculiarities of the species and the character of the examination made. 
If ways were available to carry out sufficiently delicate tests, every tissue 
in a deficient animal would presumably be found to be pathological. In 
individual species, particular tissues are susceptible or resistant, as the 
case may be, to pantothenic acid deficiency. The fact that in deficient 
mice the adrenal cortex may appear. normal does not mean, of course, that 
pantothenic acid is non-essential for the adrenal cortex in the mouse, but 
rather that the a^enal cortex of the mouse has a more effective means of 
protecting itself against deficiency than the adrenal cortex of the rat. 

A study of the data on the vitamins^’ in normal tissues (78) shows 
that in different species peculiarities in vitamin distribution in particular 
tissues exist, which may have a bearing on the question under considera- 
tion. Hog muscle (not hog tissues generally) is rich in thiamin and pre- 
sumably might be resistant (or susceptible) to thiamin deficiency to a 
higher degree than other hog tissues. Beef hearty on the other hand, is 
considerably richer in thiamin than hog, rat or mouse heart, and this 
would be expected to have an effect on the resistance of this particular 
organ in this species to thiamin deficiency. Human muscle is richer in 
pantothenic acid than beef, hog, rat or mouse muscle (but not in other 
B vitamins), and one would expect this to have an effect^on the ability of 
human muscle to resist pantothenic acid deficiency. It seems probable 
that the distribution of pantothenic acid (and other B vitamins) in the 
tissues of various species has an important bearing upon the question of 
how different animals react to deficiencies. 

It will obviously be impossible in the available space to discuss all of 
the studies which have had to do with pantothenic acid deficiency. An 
attempt will be made to present the essential information regarding some 
of the more interesting and conclusive studies. 

Experiments with Fowls. — The recognition of pantothenic acid as the 
chick antidermatitis vitamin’^ has been discussed in an earlier section 
of this review. From the standpoint of the effects of pantothenic acid 
deficiencies on various animals discussed above, it becomes apparent how 
unsuitable the earlier name would have been for permanent retention, 
carrying with it the implication that the function of the vitamin is simply 
to prevent dermatitis, whereas in actuality all tissues are affected by its 
lack (129). 
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Phillips and Engel (130) have made a preliminary survey of the })athol- 
ogy of pantothenic acid deficiency in the chick. They found and de- 
scribed extensive spinal cord lesions, which were curable only by panto- 
thenic acid. Sciatic nerve degeneration was observed to be associated 
with riboflavin deficiency. The conditions attributable to pantothenic 
acid deficiency included, aside from the spinal cord lesions, thymus involu- 
tion, keratitis, dermatitis and fatty livers. The thymus involution seemed 
to occur when either pantothenic acid or riboflavin was deficient. 

So far as the adult fowl is concerned Lepkovsky, Taylor, Jukes and 
Almquist (131) found the '^filtrate factor^^ to have no apparent function 
in maintaining normal egg production or hatchability. The content of 
the eggs, however, was directly influenced by the diet. Bauernfeind and 
NoTris (132, 20), however, found the antidermatitis vitamin to be essential 
for reproduction and hatchability, but not for egg production. Hens 
were on a diet supposedly free from the vitamins for 28 weeks, without 
developing any dermatitis and without any effect on egg production or 
mortality. In a later study from the same laboratory (119) after pure 
pantothenic acid became available, it has been shown conclusively that 
pantothenic acid is necessary for reproduction. On a basal diet even with 
added yeast filtrate and heated liver extract the hatchability of the eggs 
was zero. With suitable supplements, including pantothenic acid and 
unknown factors, the hatchability of the eggs could be brought up to 
50-60%, but no diet lacking pantothenic acid qould support reproduction. 
They concluded that pantothenic had some but not a great effect on egg 
production, and that its lack increased mortality. In seven weeks on the 
deficient diet, 80% of the hens developed a mild dermatitis on their lower 
shanks and feet. 

The seemingly increasing importance of pantothenic acid for the mature 
fowl, as the result of more extended study, leads one to conclude that the 
diets used in the earlier studies contained appreciable amounts of un- 
decomposed vitamin, and suggests the possibility that basal diets now in 
use may not be entirely free from it. Heating a diet in the dry condition 
may cause part of the vitamin to be ‘‘bound^* in such a way that it is not 
extractable by ordinary procedures, and hence might not reveal its presence 
in a microbiological assay. Something of this sort happens to thiamin 
(133). 

Snell, Aline, Couch and Pearson (134) studied quantitatively the effect 
of the diet of the hens on the pantothenic acid content of eggs. Eggs 
obtained from hens on a stock diet contained 17 7 pantothenic acid per 
gram; from hens on a deficient diet (75% whole corn) eggs contained 
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3.6 7 per gram. When extra pantothenic acid was fed the content became 
about double that on the stock diet. Snell and Quarles (135) found in 
connection with other studies that pantothenic acid, as might be expected, 
was not synthesized during incubation of eggs. 

Taylor and co-workers (136) have found that increasing the pantothenic 
acid content of eggs by feeding the hens an extra amount or by injecting 
it directly into the incubating eggs modifies embryonic development. 
Hatchability was increased 15 to 30% over the controls, the hemoglobin 
content of the blood was increased 8 to 16%, and the heart size decreased 
as much as 17%. 

The pantothenic acid requirement of chicks has been set by Jukes (137) 
at 1.4 mg. per TOO gm. of diet. According to a recent study by Bauern- 
f(iiiid (138) the requirement of single comb leghorn chicks is less than half 
of this, 600 7 per 100 gm. of diet, for maximum growth. This low figure 
is diflficult to accept as alt unqualified optimal requirement in view of the 
extensive work of Jukes and the observation that chicks may develop 
dermatitis on a diet containing 75% whole corn (134). Corn has been 
found to contain 700-1000 y per 100 gm. (87, 88); accordingly 75% whole 
corn in the diet should furnish the optimal amount of pantothenic acid, 
and should by no means induce dermatitis. 

Groody and Groody (139) recently have observed that pantothenic acid 
deficiency causes feather depigmentation in black chickens which is an 
interesting parallel with animal findings to be discussed later. They also 
observed that force-feeding chickens a diet low in pantothenic acid resulted 
in their death. 

Lee and Hogan (140) have recently studied the requirements of the 
pigeon and conclude that ^Mtamin of Williams and Waterman (16) 
while multiple in nature is primarily pantothenic acid. Their conclusion 
.is in line with the experimental findings of Carter and O'Brien (141). 

Experiments with Rats. — Because rats are a favorite animal for nutri- 
tional studies, the reports dealing with pantothenic acid in rat nutrition 
are too numerous and extensive to be discussed adequately and individually 
in a short space. We shall consider various of the pathological features 
resulting from pantothenic acid deficiency, which appear most important 
at the present time. 

Morgan and Simms (142) were the first to note adrenal damage, exces- 
sive vascularity and later atrophy of the cortex, due to ‘^filtrate factor" 
deficiency. This deficiency in rats has been studied by Daft and Sebrell 
(143, 144) and from the standpoint of pathology by Ashburn (145), and 
more recently by Supplee and co-workers (146). The direct connection 
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between pantothenic acid deficiency and the adrenal condition has been 
established in a number of additional laboratories (147, 148, 149). 

It appears that pantothenic acid deficiency in rats damages the adrenal 
cortex seriously and that a number of the symptoms associated with the 
deficiency are due to loss of function of the adrenal cortex. The adrenal 
cortex appears to have numerous functions among which regulation of 
salt balance and water balance is prominent. It is very interesting that 
a low salt content of the diet favors graying due to pantothenic acid de- 
ficiency (150) and that pantothenic acid deficiency increases the appetite 
of rats for salt (146). Also it is interesting that water deprivation results 
in a production of ^‘blood-caked whiskers^^ in rats (151, 152), a condition 
commonly associated with pantothenic acid deficiency, and that no combi- 
nation of vitamins will cure the condition as long as the water is withheld 
(152). Chronic poisoning with zinc chloride precipitates a syndrome 
similar to pantothenic acid deficiency and its effects can be neutralized by 
pantothenic acid (153). 

The anti-gray hair effect of pantothenic acid has been studied extensively. 
The graying of hair due to lack of filtrate factor, observed by Morgan and 
co-workers (24), has already been mentioned. Following or accom- 
panying the announcements of Gy orgy and co-workers (154, 155) that 
pantothenic acid administration would cure the gray-hair condition, there 
was a considerable amount of contrary evidence. Nielsen, Oleson* and 
Elvehjem in a note (156) indicated that they had obtained a small amount 
of crystalline material with low pantothenic acid content which was effec- 
tive for rats at a level of 15 7 per day. Previous to this, workers in the 
same laboratory tested three pantothenic acid concentrates for anti-gray 
hair potency with negative results (157). Dimick and Lepp (158) gave 
evidence to indicate that the anti-gray hair factor is complex. R. R. 
Williams (159) found pantothenic acid to be of no value in protecting rats 
from gray hair, on the diets used, and Frost, Moore and Dann (160) found 
synthetic pantothenic acid ineffective whereas extracts containing com- 
paratively little pantothenic acid were. 

From these diverse results it is clear that the graying of hair is a complex 
process and that the condition may have more than one etiology, and be 
influenced by various factors. The effect of salt intake on graying (150) 
has already been mentioned. Cystine was found to decrease the time 
necessary for restoration of gray hair after pantothenic acid deficiency. 
Extracts of adrenals, pituitaries, thyroids or desoxy corticosterone were 
ineffective (161). Pyridoxin-deficient rats have a strong tendency to 
resist graying (162). Emerson and Evans (163) found pantothenic acid 
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to cure graying but not a stippling. Free (164) found graying in the rat to 
be due either to a vitamin lack or to a lack of minerals: iron, copper and 
manganese. Graying due to copper deficiency (165) was found by Elveh- 
jem and co-workers (166) not to respond to pantothenic acid as did other 
graying. 

As investigation has proceeded the importance of pantothenic acid as an 
anti-gray hair factor has increased. One of the most extensive investiga- 
tions is that of Unna, Richards and Sampson (167) who not only found 
pantothenic acid effective, but found liver extract no better, on the basis 
of an equivalent amount of pantothenic acid. Their experiments indi- 
cated that inositol, p-aminobenzoic acid and biotin were ineffective either 
as substitutes fof^r supplements to pantothenic acid. On the basis of 
these experiments one would almost be tempted to justify designating 
pantothenic acid as the anti-gray hair vitamin. It is obvious, of course, 
that various vitamins of ^he B group, some of which may arise from 
bacterial action in the intestine, are important factors in maintaining 
healthy pigmented hair. The status of pantothenic acid as an aiiti-gray 
hair vitamin is strengthened by the finding of Wisconsin workers (166) 
that it prevents graying induced by a heated grain diet, and that p- 
aminobenzoic acid was ineffective. The work of Martin (185) with mice, 
to be discussed later, also stresses the importance of pantothenic acid as 
an anti-gray hair factor. The depigmentation of feathers of fowls due to 
pantothenic acid deficiency has been mentioned (139). 

Other conditions which have repeatedly been observed in connection 
with pantothenic acid deficiencies in rats are dermatitis (168, 149, 169) 
sores about the mouth and nose (168, 149) so called “blood-caked whiskers^^ 
(170, 149), in which the deposit is porphyrin derived from the Harderian 
gland (171). The possible connection between this latter condition and 
the adrenal cortex has been mentioned. Dermatitis is, of course, an ex- 
tremely indefinite condition and may have many causes. The fact that 
pyridoxin or pantothenic acid deficiencies may cause lesions which appear 
to be about the same (169) is not entirely surprising because both vitamins 
are necessary for a healthy skin, and there is no apparent reason why 
certain skin areas might not be susceptible to different deficiencies. 
Alopecia is another sign of pathological skin which has been observed in 
pantothenic acid deficiencies (168, 149). 

Miscellaneous conditions which have been connected with pantothenic 
acid deficiencies in rats are: hemorrhages under the skin (149), kidney 
and heart damage (146), thinness of epiphyseal cartilage of the tibia (145) 
and sudden death (146). 
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It appears probable that with different levels of deficiencies, different 
lesions would appear. On a diet completely free from pantothenic acid 
})robably few lesions would appear before death, as compared with those 
which might develop on a diet in which some pantothenic acid is supplied. 
The different types of syndromes which appear may be due largely to the 
degrees with which deficiency exists. 

A few miscellaneous facts regarding the functioning of pantothenic acid 
in rat nutrition are worthy of note. Supplee and co-workers (172) have 
found that during the assimilation of food there is mobilization of ribo- 
flavin to the liver, and that pantotlu^iic acid has a direct and specific 
function in connection with the process. Drill and Overman (173) have 
found that the pantothenic acid (also pyridoxin and thiamin) require- 
ments of rats are increased during thyroid feeding. Elvehjem (174) has 
indicated that pantothenic acid may promote the intestinal production of 
other B vitamins in the rat. Taylor and co-workers (175) find increased 
litter size in rats, to result from pantothenic acid administration. 

There is fairly good agreement among various workers who have studied 
the problem that the pantothenic acid requirement of the rat is about 
80 7 to 100 7 per day. Unna (149) made a special study of the problem 
and concluded that about 80 7 per day yields optimal growth. About 
100 7 per day is enough to support reproduction (176). Recently Unna 
and Richards (177) have studied the problem of the requirements of rats 
of different ages, and found that the requirement, unlike that of thiamin, 
decreases markedly with age. They suggest that the higher requirement 
during youth may be due to the association of pantothenic acid with the 
]irocess of building new tissue. It may be that the decreased nutritional 
requirement with age may be associated with greater bacterial production 
in the cecum of the adult rat (178) rather than a decrease in the require- 
ments of the adult tissues. 

Experiments with Mice. — The study of the functions of pantothenic 
acid in mice has been complicated by the question of the exact status of 
inositol as a vitamin for mice, and by the existence of unknown vitamins 
necessary for mice and present in extracts. 

Graying of hair in mice has not been studied a<s extensively as the same 
phenomenon in rats. Gyorgy and Poling (155) found that graying could 
be induced in mice by pantothenic acid deficiency and cured by its ad- 
ministration. Like graying in rats it could not be cured completely for 
the maintenance of a normal pelt indefinitely by pantothenic acid alone; 
biotin also appeared to be necessary. 

Alopecia has been observed a number of times in mice on diets deficient 
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in pantothenic acid (155, 179, 180, 181, 182). In the early experiments 
of Norris and Hauschildt (179) extensive alopecia was observed, for which 
the lack of some factor other than the ones then available was responsible. 
Later Martin (180) observed the same symptoms on the same diet and 
found that 150 7 of pantothenic acid per day caused immediate curative 
response. The effect of pantothenic acid on alopecia in mice is compli- 
cated by the question of the effectiveness of inositol, discovered to be a 
vitamin for mice by Woolley (183). His studies indicate that while.panto- 
thenic acid may have a curative effect on alopecia, its effect is indirect, 
by inducing intestinal synthesis of inositol (184). The situation from the 
dietary standpoint is complex, because he found that a deficiency of inositol 
could develop evelTwhen inositol is in the diet, provided pantothenic acid 
is absent. 

Martin (185) finds that thiamin, riboflavin, pyridoxin, niacin, panto- 
thenic acid and choline, added to a basal B complex-free diet, renders it 
adequate for mice and just as complete as one containing inositol and 
p-aminobenzoic acid in addition. Addition of either inositol or p-amino- 
benzoic acid precipitates a syndrome which can be overcome only by the 
addition of the other. He explains the finding of Ansbacher (186) with 
regard to the efficacy of p-aminobenzoic acid as an anti-gray hair factor, 
on the basis that inositol was introduced into the diet used, and only be- 
cause of its presence was the striking effect of p-aminobenzoic acid observed. 
He also indicates that only when p-aminobenzoic acid is in the diet are the 
effects of added inositol readily and uniformly observed. 

Some of the general symptoms and pathological changes resulting from 
pantothenic acid deficiency in mice have been described by two groups 
of workers (181, 182, 187). Sandza and Cerecedo (181) mention spinal 
curvature, serous exudate around the eyes, a kicking twitch of the hind 
legs in addition to alopecia. Lippincott and Morris (187) found myelin 
degeneration in sciatic nerves and spinal cord (accompanying paralysis of 
the hind quarters (182)), and hyperkeratotic, atrophic and desquamative 
dermatosis. The adrenal glands remained normal, in contrast to the 
observations on rats. Adult mice lost weight (182). 

Morris and Lippincott (188) found that pantothenic acid deficiency in 
mice definitely lowers the rate of growth of mammary carcinomas, but 
simultaneously causes a severe interference with the host^s nutrition. 
The average daily food intake of the mice was about the same before and 
after the administration of pantothenic acid. Lewisohn and co-workers 
(189) found the injections of yeast extracts to prevent tumor growth in 
20% of implanted mice. This percentage was about doubled when panto- 
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thenic acid was administered with the yeast extract, and about tripled 
when riboflavin was used. Taylor and co-workers (175) found increased 
viability of eggs (increased litter size) could be induced in 'mice by panto- 
thenic acid administration. 

Sandza and Ccrecedo (181) concluded that the pantothenic acid re- 
quirement of mice is about 30 y per day. Morris and Lippincott (182) 
found 23-29 y per day nearly as effective as over 200 y per day, so there 
is substantial agreement on this point so far. 

Experiments with Dogs. — A number of preliminary studies (189, 25, 
190) had indicated the probable importance of pantothenic acid in the nu- 
trition of dogs, before the more extensive report dealing directly with 
this subject was published by Schaefer, McKibbin and Elvehjem (192). 
This report gives in very satisfactory form about all that is known at the 
present time regarding pantothenic acid deficiency in dogs. 

One of the characteristics of the deficiency is the suddenness with which 
the animals may fail. Often they eat normally up to the day of the 
onset, and must be observed frequently if treatment to save their lives is 
to be administered. There is sudden prostration or coma; usually, but 
not always, rapid respiration and heart rate; and gastro-intestinal symp- 
toms. In some cases, treatment of a severe deficiency brought the animal 
back to health even though weeks were required. In other cases the dogs 
died in spite of treatment. Evidently pantothenic acid deficiency may 
result in severe damage which is difficult or impossible to repair. 

The condition of coma may be related to the hypoglycemia which was 
observed in deficient dogs, and which disappeared when the deficiency was 
treated with pantothenic acid. The respiratory and gastro-intestinal 
symptoms and those involving the skeletal muscles (convulsions) may 
have had their origin in nervous lesions. 

Necropsies were performed on all the dogs which died of deficiencies, 
but no histological examination of the tissues was recorded. All animals 
had light-colored mottled livers with very high fat content. The presence 
of fatty livers and hypoglycemia (and presumably low liver glycogen) 
on a diet containing 66% sucrose was pointed out as noteworthy, and 
suggestive of a fundamental impairment of carbohydrate metabolism. 
Mottled thymuses suggestive of hemorrhagic degeneration were generally 
observed. The kidneys were dark red in color and showed microscopic 
evidence of hemorrhage in cortex and medulla. Gastritis and severe 
enteritis were common and intussusception in the pyloric region and the 
lower ileum was observed. 

The adrenal glands appeared macroscopically normal with the exception 
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of one out of six which was enlarged. The fact that the blood chlorides 
were about 20% low in the deficient dogs, and rose after treatment, sug- 
gested the possibility of impairment of the adrenals, which, however, 
did not in general appear macroscopically. 

No observations were made in this report regarding the graying of the 
hair of the dogs except that graying had been observed in dogs which had 
abundance of pantothenic acid in the diet. Such graying did not neces- 
sarily have a nutritional origin. 

The requirement of young puppies was estimated to be about 100 7 of 
calcium pantothenate per kilo of body weight per day. That of adult 
dogs is thought to be considerably less. 

Three miscellfffieous observations are worthy of note: Russell and 
Nasset (192a) found that carbohydrate digestion and absorption were in- 
creased 51% and 37%, respectively, when 2 mg. per day of calcium pan- 
tothenate was given to dogs on a Purina Chow diet. Other synthetic 
vitamins failed to have this effect. Morgan (193) in a preliminary report 
gave some evidence to indicate that dogs deficient in ‘^filtrate factors^^ — nico- 
tinic acid, pantothenic acid and unknown factors — were harmed rather than 
benefited by administration of nicotinic acid or pantothenic acid alone, 
and suggested the undesirability of an imbalance. Silber and Unna (194) 
studied urinary excretions of pantothenic acid by dogs and found that 
pantothenic administration had no effect on the riboflavin level of the 
blood. This is in contrast to the findings of Spies and co-workers (202) 
on humans to be mentioned later. 

Experiments with Other Animals. — Most of the available published 
information regarding pantothenic acid in the nutrition of hogs is that 
from Hughes and co-workers (195, 196). Deficiency in this animal leads 
to poor growth (in pigs); rough dry coat; emaciation; loss of hair in 
some cases; congested, hemorrhagic and ulcerated areas in the stomach 
and large intestine particularly, and lack of co-ordination (goose stepping 
with the hind legs). As in the case of the dog the gastro-intestinal symp- 
toms are prominent. 

The requirement of growing pigs is thought to be 7.8-11.8 mg. daily 
per 100 lbs. of animal. Calculated on the same basis, this requirement is 
over twice that indicated for the growing pup (192). 

It has been known for years that various B vitamins are produced in 
the rumen of cattle. Three studies have recently been made, dealing with 
the production of pantothenic acid in the rumen of cattle and sheep. 

Wegner, Booth, Elvehjem and Hart (197) showed that pantothenic acid 
and other B vitamins are synthesized in a cow^s rumen when the cow is 
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fed a diet deficient in B vitamins. When thiamin was added to the diet 
it seemed to stimulate the bacterial synthesis of other B vitamins. 

Later the same authors (198) studied the synthesis of B vitamins includ- 
ing pantothenic acid in a heifer fed a natural diet of silage, hay and grain. 
The pantothenic acid content of the ration was about 10 y per gram, 
w hereas the rumen contents, obtained by fistula, were on the average nearly 
three times as rich. 

McElroy and Goss (199) fed a diet to sheep and cows, which contamed 
loss than 2.8 7 of pantothenic acid per gram. The contents of the sheep 
rumen and reticulum contained 70 7 pantothenic acid per gram, and were 
therefore about 25 times as rich as the feed. In the cow the rumen con- 
tents were 20 to 30 times as rich in pantothenic acid as the feed. It is 
possibly significant that the pantothenic acid content of the rumen con- 
tents, according to these workers (using the chick assay method), w’as in 
general over twice as large as that given by the Wisconsin workers who 
used a microbiological assay. Phillips and co-workers (200) found that 
diarrhea in young calves could be prevented by administration of vitamins 
.V and B. They concluded that nicotinic acid and pantothenic acid may 
be the effective members of the B family in this condition. 

Chapman and Harris (201) found that monkeys maintained on diets 
deficient in pantothenic acid, and probably some other B vitamins, de- 
veloped severe oral lesions, ‘^marked general symptomatology^^ and 
showed short survival times. The oral lesions were accompanied by an 
increase in fusospirochetal flora. 

Human Experiments and Deductions. — Spies and co-workers (202) 
w'ere the first to present direct evidence to indicate that pantothenic 
acid has a function in human nutrition. They found that concentration 
of pantothenic acid in the blood of malnourished patients w^as substan- 
tially low compared with normal individuals. Injection of pantothenic 
acid produced a temporary ri.se in the pantothenic acid level of the blood, 
and also a 20-30% rise in the blood riboflavin level both in normal and 
malnourished individuals. These findings are of interest in connection 
with the more recent observations of Supplee and co-w^orkers (172) on rats 
and Silber and Unna (194) on dogs. Pearson (114), Wright and Wright 
(115), Gordon (113) and Pelczar and Porter (112) have studied pantothenic 
acid excretion in man with substantial agreement as to normal excretion. 
“Normar^ individuals excrete on the average something over 3 mg. per 
day. Gordon reports that the ‘Test dose procedure^’ is not applicable as 
a diagnostic measure of human pantothenic acid deficiency. 

Gordon (113) has recently reviewed the available evidence regarding 
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pantothenic acid deficiencies in man, and cites five cases of peripheral 
neuritis, one case of Korsakoff’s syndrome in a male alcoholic with severe 
peripheral neuritis, two cases of delirium tremens (203), all of which re- 
sponded promptly and markedly to pantothenic acid administration when 
other B vitamins had failed to elicit a response. In some cases there might 
be a question whether the beneficial response was not due to a delayed 
effect of vitamins previously administered. 

He also indicated the possibility of non-tuberculous Addison’s disease 
being due wholly or in part to pantothenic acid deficiency. In private 
correspondence he has cited one case from which autopsy sections of the 
adrenals showed marked hemorrhage and necrosis, and which he feels 
positive was a ca^of pantothenic acid deficiency. 

The fact that the “aiiti-neuritic” properties of thiamin have been 
seriously questioned, is mentioned and the growing opinion that ^^nutri- 
tional neuropathy” is caused by multiple deficiency. Pantothenic acid 
may prove to be one of effective vitamins in this connection. 

The amount of information regarding human pantothenic acid deficiencies and their 
treatment is meager, but the various lines of evidence with respect to animals suggest 
very interesting possibilities. The writer has personal knowledge of one case of a nurse, 
who gave evidence of having received benefit particularly on the mental side (especially 
memory) as a result of medication with pantothenic acid for a considerable period. This 
observation is suggestive because Gordon reported a *‘rapid clearing of the mental state'^ 
of one of his cases. 

The writer is not aware of any significant report on the status of pantothenic acid as 
an anti-gray hair vitamin for humans, aside from one by Punnett and Bader published 
in a popular magazine {Good Houskeeping^ September, 1941, and September, 1942) in 
which a fair proportion of the individuals of various ages are reported to be benefited. 
If these findings are real they suggest that mild pantothenic acid deficiencies may be 
common, and that gray hair in some cases may be an outward manifestation of a mild 
pathological state in varioits tissues. 

The human requirement of pantothenic acid is not known with any 
certainty. Gordon, on the basis of a comparison of riboflavin requirement 
and excretion, with pantothenic excretion arrived at the ^^entirely specula- 
tive” figure of 9-11 mg. per day. 

Independently and in ignorance of this figure, Williams (204) arrived 
at practically the same value by an entirely different means. Various 
natural foods and food mixtures were assayed for pantothenic acid (and 
other B vitamins) including human and cow’s milk, and the results showed 
a striking uniformity in that about 10-12 mg. of pantothenic acid was 
invariably associated with 2500 calories of what we have reason to believe 
are suitable foods. From these findings it may be deduced that 10-12 mg. 
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of pantothenic acid per day (or per 2500 calories of food) is probably a 
perfectly safe level. 

The subject of the human pantothenic acid requirements is, of course, 
in need of much study from several angles. Particularly since the needs 
of young animals seem to be greater than those of adult animals, the 
problem of the needs of children requires investigation. It may reasonably 
be supposed on the basis of present information that if human adult de- 
ficiencies exist (and there is some evidence that they do), deficiencies 
among children are more serious and widespread than those among adults. 

3. Pharmacology 

A noteworthy fact regarding pantothenic acid, which is shared to a greater or lesser 
degree by other vitamins, is that while it is essential to life, and detectable in extremely 
minute amounts, administration of it to a normal animal is practically without effect. 
Human beings also fail to give any response so far as blood pressure, pulse, temperature 
or respiration is concerned when about 10 times the normal daily intake (100 mg.) is 
injected (202). This suggests the probability that pantothenic acid in order to be effec- 
tive must be built into tissue constituents; and that this is a relatively slow process 
and one which takes place only to an extent demanded by the needs of the organism. 

Unna and Greslin (205, 206) have made a thorough study of its effects on animals. 
They found that a 10% solution could be instilled into the conjunctival sac, or injected 
(1 cc.) into rabbits without irritation or inflammation. The lethal dose is in terms of 
grams per kilo of body weight, in mice and rats. 

Monkeys were fed one gram of calcium pantothenate daily for six months without 
any untoward effects or pathological changes. This is probably about 500 times their 
ordinary intake. Dogs and rats survived without damage daily administration for 
the same period of from 500 to 2000 times their daily requirement. 

4 , Functioning in Miscellaneous Organisms 

It is well known that pantothenic acid is effective as a yeast growth 
substance and that its discovery and characterization came about for this 
reason (1). Unfortunately the term yeast is often used in a careless 
manner and sweeping and unwarranted statements are made on the basis 
of observations on one strain under a particular set of conditions. The 
term Saccharomyces cerevisiae while seeming to have a definite meaning 
is little better than yeast because it includes many strains of diverse be- 
havior. This subject has been reviewed elsewhere (14). While panto- 
thenic acid is stimulative of all strains tested, the differences in the re- 
sponses were early noted (30). 

The growth responses of yeast are complex because different strains do 
not have the same synthetic abilities for the various known nutrilites, 
thiamin, jfl-alanine, pantothenic acid, inositol, pyridoxin, biotin and folic 
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acid (207) ; and the amino acids (208). Furthermore, the synthetic powers 
of yeasts do not remain unchanged in all respects for an indefinite period 
(83). For these and other reasons the study of pantothenic acid in its 
relation to yeast physiology constitutes a difficult field of study. 

The production of pantothenic acid by yeasts has been studied (82) 
and attempts to ascertain its fundamental role have been made (124, 125, 
126), without coming to definite conclusions except that its ^4:>inding^' by 
the yeast is preliminary to its utilization. 

Green plants (and plant tissues, 125) may be stimulated by minute doses 
of pantothenic acid. This has been observed in the case of the liverwort, 
Ricciocarpus natans (209), alfalfa seedlings grown under sterile conditions 
(80) and pea orffiryos (210). The mobilization of pantothenic acid in a 
sprouting potato was early Observed (209). 

Elliott (211) observed the stimulating effect of a pantothenic acid con- 
centrate on certain prot^oa. The one species tested was found to be 
rich in pantothenic acid (98) as well as certain other B vitamins. Whether 
it is required by various protozoa 'is not known (212, 224). 

The production of pantothenic acid by Aspergillus niger was early ob- 
served (1), and its stimulative effect on other molds (182, 213) has been 
studied. An extremely interesting finding is that of Beadle and Tatum 
(214) who were able to alter the genes in a mold, so that it became de- 
pendent upon an outside source of pantothenic acid. The observation that 
in one mold any one of several nutrilites had by itself the ability to promote 
growth, whereas growth w^as lacking in the absence of all (81), is w^orthy 
of note. 

The relationship of pantothenic acid to various bacteria has been men- 
tioned numerous times in this review\ The requirement for pantothenic 
acid is shown by numerous lactic acid bacteria and some propionic acid 
bacteria as shown by Snell, Strong and Peterson (6), and others (215, 216). 
Among the other bacteria which require it as a nutrilite, or for which it is 
effective, are: diphtheria bacilli (67, 217), hemolytic streptococci (61, 
218, 62), Proteus morganii (110), certain members of the Pasteurella group 
(219), pneumococci (220, 221), and certain non-sporulating anaerobes 
(222). Bacteria which do ©ot require pantothenic acid produce it, retain 
it in the cells and release it into the culture medium (100). Microbio- 
logical methods for pantothenic acid assay using bacteria have been dis- 
cussed (105, 91, 111, 35, 11). A study of the function of pantothenic acid 
in the metabolism of Proteus morganii has been discussed. Its production 
in the intestines of animals (174, 178, 223) and in the rumen of cattle and 
sheep (197, 198, 199) has been studied. 
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Comparatively little attention has been given to the study of insect 
nutrition using pure chemicals. Trager (224) has reviewed this field. 
Subbarow and Trager (225) have found mosquito larvae to require panto- 
thenic acid for development. Insects are a comparatively rich source of 
pantothenic acid and certain other B vitamins (98). Their nutrition is 
complex and probably pantothenic acid is a general nutritional require- 
ment for larvae. The high pantothenic acid content of ^Toyal jelly^^ 
(104) is probably not accidental, and suggests important functions in the 
nutrition of bee larvae. 
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I. Introduction 

In recent years a great number of bacterial growth factors have been 
shown to play an important role in animal nutrition, and the close relation- 
ships between growth factors on the one hand and the vitamins on the 
other have become well recognized. One of the more recent developments 
in this field was the discovery by du Vigneaud, Melville, Gyorgy and Rose 
(1) of the identity of biotin, a bacterial growth factor, with vitamin H, the 
curative factor for egg white injury. This finding demonstrated the 
general importance of biotin in the metabolism of the cell and was a mile- 

* Presented before the Seminar in Organic Chemistry, Fordham University, Decem- 
ber 16, 1942. 


289 



290 


KLAUS HOFMANN 


stone in the development of the knowledge of the mechanism of egg white 
injury. 

It is not intended to present a complete review of thfi literature on 
biotin, but rather to select some high lights of the important developments 
which have influenced the knowledge of the chemistry and the biochemistry 
of this substance. 

Biotin was isolated as the crystalline methyl ester in 1936 by KorI and Tonnis (2) 
and was identified in 1940 (1) with the curative factor for egg white injury. As the 
developments preceding the isolation of biotin have been reviewed extensively elsewhere 
(2, 3), they shall not be further discussed. However, egg white injury* provides the 
background for numerous biological as well as biochemical studies, and therefore justi- 
fies a more detailed ^i^tment. 

Rats which are fed a well-balanced diet, to which has been added a large portion of 
dried egg white as the source of protein, develop a severe dermatitis accompanied by 
nervous disorders. In the later stages of the disease the rats take a very typical kanga- 
roo-like position due to a paralysis of the hind legs, and die if the condition is not re- 
lieved (6). The toxic properties of egg white arc destroyed by heat, digestion 
with pepsin, or incubation with hydrochloric acid. There is present in foodstuffs an 
organic substance which is able to neutralize the toxic effects of the egg white when given 
as a supplement to the otherwise disease-producing diet. This substance has been called 
“protective factor X” by Boas (6), the “factor protective against egg white irijury" by 
I^ase and Parsons (7) or “Vitamin H'' by Oydrgy (8). 

Using a curative rat assay for the estimation of vitamin H activity, 
Gyorgy (9, 10, 11) published extensive studies on the distribution as well 
as the purification of this substance. He found that the factor is widely 
distributed in nature and that liver and yeast are especially rich sources. 
Hydrolysis of the tissues was necessary to liberate the vitkmiri which is 
present in a nondialyzable form. Appreciable concentration could be 
effected by the use of adsorption as well as precipitation steps, and from 
the electrophoretic behavior it was concluded that vitamin H is an am- 
photeric substance, having an isoelectric point of pH 3-3.5. 

The steps used by Kogl for the concentration of biotin from egg yolks 
were similar to those employed by Gyorgy, and the parallelism in dis- 
tribution, as well as in chemical behavior, suggested to Gyorgy, Melville, 
Burk and du Vigneaud (12) that vitamin H might be identical with biotin. 
Consequently, a vitamin H concentrate was subjected to electrodialysis 
and it was found that the distribution of the vitamin H and biotin activities 
in the different cells of the dialyzer showed striking similarity. 

A sample of Kogl’s biotin methyl ester, when tested for vitamin H 
activity, was found to be extremely potent in protecting rats against the 

* A detaHed discussion of egg white injury is presented in references 4 and 5. 
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injurious effects of egg white (1), thus establishing the identity of vitamin 
H with biotin. These developments were followed by the isolation of 
biotin from liver (13, 14) and as more of the crystalline material became 
available, the way was cleared for an attack on the chemical structure of 
biotin. 


II. Biotin Standards 

In all of* the work preceding the isolation of pure biotin, standards had to 
be set up to express the potency of a given preparation. Kogl (2), using 
his Saccharomyces unit (S. U.), which he defined as the amount of biotin 
producing 100% increase in cell growth of a strain of yeast (Rasse M) under 
standard conditions, found that crystalline biotin methyl ester had a po- 
tency of 25,000,000 S. U. per milligram. Gyorgy (9), on the other hand, 
described a curative vitamin H rat unit which was defined as the daily dose 
of vitamin H that would cure a rat of egg white injury in four weeks. Fol- 
lowing the establishment of the identity of biotin with vitamin H, a biotin 
concentrate from liver containing 1000 vitamin H units per cc*., as assayed 
by the rat method, was employed as the biotin standard. Consequently 
the biotin activities of the various fractions obtained during the isolation 
of biotin from liver (14) have been expressed in terms of vitamin H units, 
despite the fact that the yeast growth method was used as the assay pro- 
cedure. The activity of pure biotin methyl ester was found to correspond 
to 27,000 (±10%) vitamin H units per mg., which means that a daily dose 
of 3.7 X 10“® milligrams of this material can cure a rat of egg white in- 
jury. 

Once the crystalline vitamin was at hand, all further standardizations 
were made on the basis of the pure substance, and the content of a given 
preparation could be expressed in actual amounts of biotin. 

III. Assay Procedures 

The only available aifccurate procedures for the estimation of Inotin are 
the microbiological growth methods, which have been developed with 
great success in recent years. 

The first microbiological procedure for the estimation of biotin was the one described 
by Kogl (2) and employed in his work on the concentration of biotin from egg yolks. 
In this method a strain of yeast “Rasse M“ was used as the test organism, and the 
growth response of a heavy inoculum was determined with a photoelectric colorimeter 
after an incubation time of five hours. Snell, Eakin and Williams (15) have developed 
an excellent yeast growth method for biotin assay using a strain of Saccharomyces cere- 
visiae isolated from Fleischmann^s bakers^ yeast. The growth response of a small 
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inoculum is determined with a special thermoelectric turbidimeter (16) or a suitable 
photoelectric colorimeter after sixteen hours of incubation. As the method has been 
described in great detail (17), no further comment is necessary here. Numerous other 
procedures for the quantitative estimation of biotin have been described, and several of 
them merit special mention. 

Lampen, Kline and Peterson (18) suggested the organism Clostridium hutylicum as a 
test organism for a turbidimetric method of biotin assay. This organism is especially 
suitable since it requires only biotin as an accessory growth factor (19). 

Another assay method has been proposed by Shull, Hutchings and Peterson (20) using 
the increase in titratable acidity produced by Lactobacillus casei «,* which under cer- 
tain conditions is a measure of the biotin content of the medium. This procedure offers 
the advantage of being applicable to turbid and colored solutions where the turbidi- 
metric methods cannot be employed. 

West and Woglo|j%kX21) have given a detailed description of their assay procedure in 
which they measure the influence of biotin on the increase in turbidity of cultures of 
Rhizohium trifolii. * * 

It seems that, at present, the yeast growth method of Snell, Eakin and Williams (15, 
17) represents the most satisfactory technique for the estimation of biotin. 

In conclusion, it might be mentioned that animal assay procedures have likewise 
been suggested to determine biotin in natural materials. Gyorgy (9), for example, used 
the curative rat method for the estimation of vitamin H, prior to the establishment of 
its identity with biotin. Other investigators (26, 27) have also suggested the use of 
chicks as test animals. 


IV. Isolation of Biotin 

Biotin methyl ester was isolated from egg yolks for the first time in 1936 
by Kogl and Tonnis (2). In a tedious fractionation procedure, using six- 
teen different steps, they were able to obtain 1.1 mg. of pure biotin methyl 
ester from 250 kg. of dried Chinese egg yolks. This corresponds to a 
recovery of 1.8% of the biotin present in the starting material. By modi- 
fication of the original procedure, however, the yield of 1.8% could 
recently be raised to 20% (28). 

The method employed by Kogl is briefly as follows: 

Active extracts were prepared from egg yolks by extraction with hot water, f and from 
these extracts, by skillful use of different precipitation as well as adsorption techniques, 
there was obtained a highly active concentrate. This concentrate was then subjected 
to an esterification procedure yielding a chloroform-soluble basic ester fraction from 
which the crystalline biotin methyl ester was isolated by fractional distillation. In at- 
tempts to isolate the curative factor for egg white injury (Vitamin H) (10), very similar 

* This organism is unable to utilize biotin methyl ester (20). 

** Biotin has been shown to be identical with **Coenzyme a growth and respira- 
tion factor for rhizobia (22, 23, 24, 26). 

t Egg yolks contain biotin in a bound form from which it can be liberated by treat- 
ment with hot water (29). 
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steps were employed to prepare active concentrates, and the knowledge gained from these 
earlier studies was extremely helpful for the more recent work by du Vigneaud, et al., 
which led to the isolation of biotin from liver (14) and milk (30). 

The starting material for the isolation of biotin from liver was a liver concentrate 
which had been prepared according to the procedure of Gy orgy (10), and which assayed 
34 vitamin H units per mg. This material was esterified, and the crude ester fractions 
assaying 50 vitamin H units per mg., were subjected to chromatographic adsorption pro- 
cedures. The active ester fraction was dissolved in chloroform and filtered through a 
column of activated aluminum oxide. The column was then eluted with different sol- 
vents, and the weight and activity of each eluate were determined separately. Table I 
illustrates such an experiment. 


Table I 

Distribution of Biotin Methyl Ester* in an Aluminum Oxide Chromatograph 


Column eluted with 



Eluted fraction 



Weight in 
mg. 

Total activity in 
vitamin H units 

Vitamin H uniti 
per mg. solids 

Chloroform 

Cc. 

300 

15,000 

147,000 

9.8 

Acetone 

300 

805 

1,000,000 

1242 

Acetone 90% -1- methanol 10% 

50 

21 

45,000 

2140 

Acetone 90% -f methanol 10% 

50 

76 

145,000 

1910 

Acetone 90% + methanol 10% 

50 

256 

310,000 

1210 

Acetone 90% -f methanol 10% 

50 

102 

45,000 

440 


* Starting material was a crude ester fraction containing 50 vitamin H units per mg. of 
solids. 


Table II 

Activity and Purity of Different Fractions Obtained during the Concentration 

OF Biotin from Liver 


Fraction 

Activity, vitamin H 
units per mg. 

Purity, % 

Crude vitamin H concentrate from liver 

34 

0.13 

Crude ester fraction 

50 

0.18 

Material from first chromatograph 

2000 

7.4 

Material from second chromatograph 

5000 

18.5 

Pure biotin methyl ester 

27,000 

100.0 


As may be seen from the table, the most active fractions were eluted with acetone oi* 
a mixture of 90% acetone and 10% methanol. A concentration from 50 vitamin H units 
per mg. to 2000 vitamin H units per mg. was achieved in one step. 

A repetition of the same chromatographic procedure yielded fractions containing 5000 
vitamin H units per mg., from which, after a second esterification step, crystalline biotin 
methyl ester was obtained. Table II illustrates the degree of purification which was ef- 
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fected in each step of the fractionation procedure, and indicates the purities of the differ- 
ent fractions. 

Expressed in terms of vitamin H units, the crystalline ester had a potency of 27,000 
vitamin H units per mg. 

The ester was subjected to several recrystallizations and sublimations in vacuo without 
changing its biological activity or melting point. Kogl initially reported a melting point 
of 149® for his crystalline material, whereas du Vigneaud, et al., consistently obtained 
fractions melting at 166-167°. In a later paper (28) Kogl reported material melting at 
161.5°. 

In view of the fact that identical degradation products have been ob- 
tained from the *^egg^^ as well as the liver’ ^ and ‘^milk” biotin, there can 
be no doubt thaj^biotin from these different sources is one and the same 
substance. 


V. Chemistry of Biotin 

jf . Properties and Elementary Composition 

Biotin methyl ester crystallizes from a mixture of methanol and ether in 
elongated plates. Mixtures of chloroform and petrol ether, as well as 
mesityl oxide, have likewise been proposed as solvents for the crystalli- 
zation. The most effective purification procedure, especially to free the 
cnide ester from colored impurities, is sublimation in vacuo. The ester is 
very soluble in methyl alcohol, ethyl alcohol and chloroform; it is spar- 
ingly soluble in benzene and insoluble in ether, petrol-ether or water. 
Preparations of the ester which have been isolated from egg yolks (2, 28) 
were found to contain oily impurities which could be removed only with 
the greatest difficulty. No such impurities were observed when liver or 
milk was employed as the starting material. Biotin methyl ester has an 
optical activity of [a]^ = +57° in chloroform. 

Biotin was prepared for the first time by du Vigneaud, et al. (31), by 
saponification of the ester with cold alkali. It crystallizes from water in 
needles melting at 230-232° with decomposition, and its rotation in 0.1 iV 
sodium hydroxide is [ajo = +92°. As measured by the yeast growth 
method the physiological activity of biotin, on a molecular basis, was 
identical with that of the methyl ester. 

The correct empirical formula, CiiHi 8 () 3 N 2 S, for biotin methyl ester was 
reported in 1937 by Kogl (32) and confirmed by du Vigneaud, et al. (14). 
Spectroscopic studies which were performed on biotin methyl ester (28, 31) 
indicated no specific absorption bands in the range from 2200 to 6000 A. 
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2. Functional Groups 

The first steps taken toward the elucidation of the molecular structure 
of biotin were studies to determine the nature of the functional groups. 
One methoxyl group was found to be present in biotin methyl ester. The 
ester was easily saponified to form biotin when treated with dilute alkali 
in the cold (31). Biotin, CioHiaOaNnS, in contrast to the methyl ester, 
did not liberate volatile iodides when treated with HI and consequently 
does not contain — OCH3, — NCHs or — SCH3 groups. The titration 
curve of biotin, as shown in Fig. 1, closely resembled the titration curve 
of a monocarboxylic acid. 



MILLl-EQUIVALENT OF NaOH 
Fip;. 1. — Electrometric titration curve of biotin. 

Biotin crystallized even from strong HCl solutions as the free acid, and 
did not form a hydrochloride. These results were conclusive evidence that 
i)iotin is a monocarboxylic acid exhibiting extremely weak basic properties. 
No inactivation occurred when the substance was treated with ninhydrin, 
and no nitrogen was produced when biotin was subjected to the Van 
Slyke amino nitrogen procedure.* These results show that biotin con- 
tains neither an amino group nor basic ring nitrogen atoms. Information 
as to the nature of the nitrogen atoms was obtained in the course of studies 
of the hydrolytic cleavage of the molecule. When biotin was subjected to 

* Snell, el al. (15), found that biotin is inactivated by treatment with nitrous acid. 
This inactivation is probably due to the formation of a nitroso compound. 
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a drastic hydrolysis with hydrochloric acid ( 28 ) or barium hydroxide ( 33 ), 
an optically active diaminocarboxylic acid, C9Hig02N2S, was obtained 
which was found to contain two primary amino groups by the Van Slyke 
nitrous acid method. 

The diaminocarboxylic acid was characterized by the preparation of 
several derivatives. These included the dibenzoate, the diacetate, the 
sulfate, the dihydrochloride and the dipicrolonate. The formation of the 
strongly basic diaminocarboxylic acid, C9H18O2N2S, from the weakly 
basic biotin, C10H16O3N2S, with the replacement of one CO group by two 
hydrogen atoms, pointed to a cyclic urea structure. The urea structure 
was established definitely when it was found that biotin was res3rnthesized 
from the diamfflfbcarboxylic acid when it was treated with phosgene ( 34 ). 


CgHiiS 


— NH 

Nco 

— Nlf 
—COOH 


Biotin 


Ba(OH)2 
► 

Phosgene 


CgHuS 


— NH, 

— NH, 
—COOH 


Diaminocarboxylic acid 


As mentioned earlier, biotin did not liberate volatile iodides when it was 
treated with HI. No indication of the presence of labile sulfur was ob- 
tained. It likewise had been shown ( 2 , 35 ) that the compound does not 
contain an ethylenic linkage. Titration experiments with cold potassium 
permanganate, however, revealed an uptake of two atoms of oxygen with 
the formation of a new crystalline compound, biotin sulfone ( 36 ). Biotin 
sulfone, C10H16O6N2S, was likewise obtained in excellent yield when biotin 
was oxidized with hydrogen peroxide in glacial acetic acid ( 33 ). 

I — NH 

— NH 
—COOH 

> 

Biotin 


KMnOg 

or 

h,oT ' 


(— NH 

CsHi,{-NH 
-COOH 


Biotin sulfone 


The formation of a sulfone established the thioether nature of the sulfur 
atom, and it was, therefore, concluded that biotin is a monocarboxylic 
acid containing a cyclic urea structure with the sulfur atom in thioether 
linkage. 

5 . The Nature of the Side Chain 

With the knowledge of the nature of the functional groups at hand, the 
way was cleared for further degradation studies. 
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A great deal of information on the structure of biotin was obtained 
during studies of the oxidative breakdown of the diaminocarboxylic acid. 
Oxidation of the diaminocarboxylic acid with nitric acid or alkaline per- 
manganate resulted in the formation of adipic acid, C6H10O4 (37, 38). 

HOOC— CHj— CHa— CH2— CHa— COOH 
Adipic acid 

The isolation of this straight chain, dicarboxylic acid, containing 6 of the 
9 carbon atoms of the diaminocarboxylic acid, reduced to a great extent 
the number of possible structures that could be assigned to biotin. These 
could be further reduced by establishing in the following way the identity 
of one of the carboxyl groups of the adipic acid with the original carboxyl 
group of biotin (38). A triamine (V) was prepared from biotin methyl 
ester by means of the Curtius degradation, thus replacing the carboxyl 
group of the diaminocarboxylic acid by an amino group. 


— NH 

NH 

|— NH 

\co 

— ♦ c.H„s — 

c,H„s 

— NH 

I— NH 

— NH 

— COOCH, 

(— CONHNH, 

(—CON, 

(I) 

(II) 

(III) 


I — NH 

)>CO _ 

— NH 

— NHCOOCjH, 

(IV) 

Fig. 2. 


I — NH* 
— NH* 
— NH* 

(V) 


Biotin methyl ester (I) was converted into biotin hydrazide (II) by 
treatment with hydrazine hydrate, and the corresponding azide (III) was 
prepared from the hydrazide with the calculated amount of nitrous acid 
without affecting the urea part of the molecule. When the azide was 
boiled with absolute alcohol, the corresponding ethyl urethane (IV) re- 
sulted. The urethane was hydrolyzed with barium hydroxide to the tri- 
amine (V), thus opening the urea ring, and, at the same time, hydrolyzing 
the ethyl urethane group (c/. Fig. 2). The triamine (V) was then oxidized 
under the same conditions employed for the diaminocarboxylic acid, but no 
adipic acid could be identified among the oxidation products. This estab- 
lished the identity of one of the two carboxyl groups of the adipic acid with 
that originally present in the diaminocarboxylic acid, and it became evi- 
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dent that biotin contains the side chain — CHj — CHa — CHa — CHj — COOH 
attached to one of its carbon atoms. 

4. The Nature of the Urea Ring 

The formation of the diaminocarboxylic acid from biotin has been men- 
tioned previously. It was shown that on treatment of the diaminocar- 
boxylic acid with phosgene, biotin is regenerated, thus proving the presence 
in biotin of a cyclic urea structure. However, these experiments did not 
indicate whether a five- or a six-membered urea ring is present. 

The size of the urea ring could be established in the following way. The 
diaminocarboxylic acid was condensed with phenanthraquinone, and a 
crystalline quinoxaline derivative, C23H20O2N2B, was thus obtained (39). 
The formation of quinoxaline derivatives by the condensation of 1,2-di- 
amines with ortho-quinones is well established, and there is no evidence 
that 1,3-diamines form ring structures by this reaction. Two different 
compounds, dihydroquinoxalines or quinoxalines, may be obtained from 
the condensation of nonaromatic 1,2-diamines with phenanthraquinone as 
illustrated below. 



Dihydroquinoxaline Quinoxaline 


It was suspected from the analytical composition, as well as from certain 
color reactions, that the condensation product derived from biotin is a 
quinoxaline rather than a dihydroquinoxaline derivative. A spectroscopic 
study enabled a definite decision in favor of the former possibility. The 
dihydroquinoxaline (VI) as well as the quinoxaline (VII) were prepared 
by condensation of 3,4-diaminothiophane (40) with phenanthraquinone. 
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The ultraviolet absorption curves of these derivatives were then com- 
pared with the absorption curve of the quinoxaline derived from biotin. 

As shown in Fig. 3 the absorption curve of the derivative obtained from 
biotin was almost identical with that of the quinoxaline derivative from 
3,4-diaminothiophane, and bore little resemblance to the curve of the 
dihydroquinoxaline derivative. This was a strong indication that the 
derivative formed from phenanthraquinone and the diamino carboxylic 
acid is a dibenzoquinoxaline derivative. 



Fig. 3. — Ultraviolet absorption spectra of con- 
densation product of phenanthraquinone with (I) 
the diaminocarboxylic acid from biotin; (II) 3,4- 
diaminothiophane, quinoxaline; (III) 3,4-diamino- 
thiophane, dihydroquinoxaline. 

The fact that the diaminocarboxylic acid forms a well characterized 
quinoxaline derivative when condensed with phenanthraquinone, estab- 
lished the 1,2-diamine structure for the diaminocarboxylic acid, and pro- 
vided definite proof of the presence of a five-membered urea ring in biotin. 
The observation that this derivative is a dibenzoquinoxaline rather than a 
dibenzo'-dihydroquinoxaline derivative, demonstrated further that biotin 
must contain the following structural element in which the carbon atoms 
bearing the amino groups carry hydrogen atoms. 
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Hl/%H 



I 1 


5, KogVs Attempt to Demonstrate a Sulfur Ring in Biotin 

V 

From the hydrogen content, the absence of an ethylenic linkage and the 
knowledge of the functional groups, it could be calculated that biotin must 
contain a bicyclic ring system, 'rtiis fact, in conjunction with the evidence 
on the side chain and the urea ring, forced the conclusion that the sulfur 
atom must be of a ring system. 

Kogl and de Man (36) described experiments whereby they attempted 
to demonstrate the presence of a sulfur ring in biotin. Biotin sulfone was 
hydrolyzed at 200° with concentrated hydrochloric acid, and a new com- 
pound was obtained to which they assigned the structure of an aliphatic 
9-carbon-diaminocarboxy-sulfonic acid. The following mechanism was 
suggested to explain the formation of this compound. 

It was assumed that in addition to the opening of the urea ring, which 
results in the formation of the sulfone of the diaminocarboxylic acid, one 
of the carbon-sulfur linkages would be ruptured to yield the open chain 
sulfonic acid derivative as indicated below. 


CeBu 


— NH 

— NH 
— COOH 

— i 0 

'Y 


HC1200‘» 


— NH, 

— NH, 
-^OOH 


C.H„ 


4h 

I 

— so,H 

1 


Biotin sulfone 9-Carbon-diaminocarboxy-sulfonic acid 


Kogl's experiments were repeated (41), and it was found that treatment of 
biotin sulfone with concentrated hydrochloric acid at 200° results only in 
the formation of the sulfone of the diaminocarboxylic acid, and did not 
alter the sulfur part of the molecule. This was demonstrated by an experi- 
ment in which biotin sulfone was resynthesized in 90% yield by the treat- 
ment of Kogrs hydrolysis product with phosgene. 
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NH 
^CO 


-NH 


CeHi, 


— COOH 

—h o 

'Y 

I 


HC1200‘* 
^ 

Phosgene 


— NH, 
— NHa 
— COOH 


CeHi, 


— i O 

'Y 

1 


Biotin sulfone 


Sulfone of the 
diamino carboxylic acid 


Drastic hydrolysis of biotin sulfone does not affect the sulfur part of the 
molecule and, therefore, cannot be taken as evidence for the presence of a 
sulfur ring in biotin. 


6, The Structure of Biotin 

The following biotin structures were considered by du Vigneaud, Hof- 
mann and Melville (42) on the basis of their initial degradation studies 
(c/. Fig. 4). 

0 0 


0 

i 

HN^H 
Hi— (!!H( o) 

Y 
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0 

h 

hYnh 

(c)ci— incd) 

(6)cia 1 
(aYl» 

(B) 

NH 


(6)c: 

(o)cia- 


NH NH 
i-CH,-iH(d) 

IfU 


m NH 

in— s— i: 
in, 


!H(a) 

!H,(6) 


(C) 


1 — NH 





^H, 

in— c— R 
in, in, 


(D) 

0=C NH 

]!jh in 


V 


(E) 


(F) 


Y'h^Jh 
in, in, 

V 

(G) 


R 


R= — CH^CHr-CHr-COOH 

The side chain — CH* — CH 2 — CHj — CHa — COOH may replace the hydrogen atom 
at one of the positions indicated by a, 6, c or d. 

Fig. 4. 
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Tlio great stability of the diaminocarboxylic acid toward hydrolytic 
agents rendered unlikely structures containing sulfur and nitrogen at- 
tached to the same carbon atom, and consequently structures (B), (C) and 
(D) were disregarded. The demonstration (39) that biotin contains a 
five-membered urea ring eliminated structures (E) and (F), leaving only 
structures (Aa), (A6) and (G). The diaminocarboxylic acid derived from 
structure (Aa), when condensed with phenanthraquinone, could form a 
dihydroquinoxaline of the following structure : 


but would not be expected to form a (juinoxalinc derivative. Since it had 
been shown (39) that the condensation product of the diaminocarboxylic 
acid with phenanthraquinone is a quinoxaline, structures (Ab) and (G) 
remained as the only possibilities. It may be noticed that structure (G) 
contains an n-butyric acid side chain attached to the ring system. Stnic- 
ture (G) might be a possibility if one assumes (42) that the adipic acid 
arises from the decarboxylation of a malonic or /3-keto acid derivative, 
formed during the oxidation of the diaminocarboxylic acid. 

Based on the following experiments (43) a decision between structures 
(Ab) and (G) was reached. The diaminocarboxylic acid was exhaustively 
methylated by means of dimethyl sulfate and alkali, and the methylation 
mixture was decomposed 'with strong hydrochloric acid. A sulfur-con- 
taining acid was thus obtained which was identified as 6-(thienyl-2)- 
valeric acid. 



1 ^— CH2 -cHj -CII2--CH2 -c;oon 
s 

5-(Thienyl-2)-valeric acid 

4'h(' formation of this degradation product from the diaminocarboxylic 
acid demonstrated the presence of a five-membered sulfur ring in biotin 
with an n-valeric acid side chain attached in position 2, and afforded con- 
clusive evidence that formula (A6) represents the molecular stnicture of 
biotin. 

The same conclusions were reached by an independent approach. Bou- 
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gault, et al. (44), liave shown that treatment of disulfides with Raney 
Nick(‘l in alcohol solution results in the following cleavage of the molecule: 

Hanev Nickel 

R -S -S— R' ^ > R— SII + HS--R' 

All analogous reaction effective with thioethers has been applied success- 
fully to eliminate the sulfur from biotin (45). Accordingly biotin methyl 
(‘ster was treated with Raney Nickel and desthiobiotin methyl ester (VIII) 
was obtained. Treatment of this compound with strong barium hydrox- 
ide brought about the formation of the diaminocarboxylic acid (IX) 
which, \v;^lien condensed with phenanthraquinone, resulted in the forma- 
tion of the quinoxaline (X). 


O 


I IX 

nc 

IbC 


V 


XII 

CH 

ik;- c^H 2— cib-cib— cib— COOCII3 


Raney Nickel 


Biotin methvl est(*r 


O 

II 

c; 


lie 


Ba(OH)j 


CH 


1 f 

(’H, CIl,--(.’Hr-CH2— CH,— CHj- COOCH, 
(VIII) 

NH, MI, 

I I 

lie -C II 

I I 

(M, CH,— CH,— CH,— ('H,— CH,— coon 
(IX) 


Phenantliraquinone 



( -H, CH,— CUI,— CH, -CH,-CII, -COOH 
(X) 
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The optical activity of the molecule was thus lost, and a comparison with 
synthetic compounds was facilitated. 

The quinoxaline (X) was found to be identical with the quinoxaline 
prepared from synthetic 7,8-diaminopelargonic acid, confirming that 
biotin is 2'-keto-3,4-imidazolido-thiophane-(2)-n-valeric acid. 



VI. Occurrence of Free and Bound Biotin in Natixre 

With the recognition of the fundamental importance of biotin in cell 
metabolism, it became necessary to obtain information as to the distri- 
bution of this factor in nature. It was soon realized that only a small 
fraction of the biotin present in tissues is extractable with water, and that 
most of it occurs in a bound form. Autolysis was found to liberate con- 
siderable amounts of biotin, and, consequently, comparative studies (46) 
of the biotin content of tissue autolysates were undertaken. 

More careful and systematic investigations on the liberation of bound 
biotin demonstrated that autolysis liberates only a part of the amount 
present in tissues, and, in view of this fact, the previous results were found 
to be inadequate (47). The following table illustrates the amounts of biotin 
extracted from rat organs by different treatments. 


Table III 

Liberation of Biotin from Rat Tissues by Different Treatments According to 

Williams 


Amounts of biotin are expressed in 7 per gm. of dry tissue 



Liver 

Brain 

Muscle 

Hot water 

0.056 

0.0077 

0.0098 

Autolysis 

0.53 

0.0058 

0.0036 

Acid hydrolysis 

2.30 

0.27 

0.11 

Enzymatic digestion 48 hours 

3.10 

0.22 

0.098 



CHEMISTRY AND BIOCHEMISTRY OF BIOTIN 


305 


It may be seen from this table that acid hydrolysis and enzymatic 
digestion liberate maximum amounts of biotin from tissues. Biotin was 
found to be stable toward acids, but was rapidly destroyed when heated 
with 6 N sodium hydroxide. Hydrolysis with 4 to 6 iV sulfuric or hydro- 
chloric acid for two hours at 120° proved to be a satisfactory procedure for 
the quantitative liberation of biotin from natural materials. Lam pen, 
Bahler and Peterson (29) made the observation, however, that treatment 
of cnide materials with 4 N sulfuric acid frequently resulted in consider- 
able loss of biotin. In view of this fact great care has to be exercised in the 
liberation of biotin from natural materials. Values on the biotin content of 
tissues should not be accepted as final before careful checks have been 
made, and different conditions have been used for its liberation. Values on 
the biotin content of various natural materials, using acid hydrolysis for 
the liberation of the biotin, have been reported by Lampen, Bahler and 
Peterson (29). 

As mentioned previously, a small part of the biotin in tissues, usually 
referred to as ^^free” biotin, is extractable with cold water. It is question- 
able, however, whether the activity of such cold water extracts is due to 
free biotin or to physiologically active high molecular complexes of biotin 
with certain tissue constituents. 

The presence of such physiologically active combinations has been 
demonstrated by Oyorgy (48), who prepared saline extracts from egg 
yolks which he tested for biotin activity before arid after dialysis. Dialysis 
did not alter the biotin content, and it was therefore concluded that the 
biotin was present in physiologically active combination with high molec- 
ular materials. Steaming of the extracts liberated the biotin from the 
combination and made it freely dialyzable. 

Further investigations are needed on the biotin content of tissues as well 
as on the many different combinations in which this substance seems to 
exist in nature.^ Such studies should provide the basis for a better under- 
standing of the mechanism of biotin action. 

VIL Avidin, the Substance in Egg White, Responsible for the Produc- 
tion of Egg White Injury* 

The cure of egg white injury with crystalline biotin, which established 
the identity of biotin with vitamin H, influenced decisively all of the recent 
developments in this field, since it made possible the replacement of the 
very time-consuming and inaccurate animal assays by the simple, accurate 

* The name antibiotin factor has likewise been proposed for tliis substance (49). 
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and fast yeast growth method. Eakin, McKinley and Williams (50) com- 
pared the biotin content of the tissues of normal chicks with the tissues of 
chicks fed a raw egg white diet. They found that the birds reared on the 
egg white diet were deficient in biotin despite the fact that an abundant 
supply of the vitamin was available with the diet. These findings indicated 
that the dietary biotin was not available to the animal when it was given 
in combination with egg white. In a later study (51) the in vitro effect of 
egg white on biotin was demonstrated by the fact that yeast was unable to 
grow in a biotin-containing culture medium to which unheated egg white 
had been added. Steaming of the egg-white-containing medium prior to 
inoculation with the yeast cells destroyed the toxic effects of the egg white, 
and normal groW#i was observed. Biotin thus combines with one of the 
constituents of the egg white to form a stable complex from which it cannot 
be recovered by dialysis. The combination between the active material 
and biotin is stoichiometwc, and yeast is unable to utilize biotin in the 
combined form. Eakin, Snell and Williams (52) isolated the active material 
from egg white using the following procedure : 

Egg white was coagulated with acetone, and the coagulate was washed with water. 
The washed cake of coagulated material which contained the active substance was ex- 
tracted with 2% ammonium sulfate solution and the extracts were fractionated with 
ammonium sulfate, the active principle being precipitated by complete saturation with 
ammonium sulfate. The precipitate was dialyzed free of salts, was redissolved and pre- 
cipitated with acetone. 

The material prepared in this way gives the usual protein tests, and was 
assigned the name avidin.* Assuming a ratio of 1 mol of biotin to 1 mol of 
avidin in the avidin biotin complex, a tentative molecular weight of 
43,500 has been calculated for avidin. 

Woolley and Longsworth (49) confirmed the above results by showing 
that the growth of Clostridium hutylicum was inhibited by the addition of 
egg white to the biotin-containing culture medium. They isolated avidin 
by the use of essentially the same procedures as employed by Eakin, Snell 
and Williams and calculated a molecular weight of <70,000 for the sub- 
stance. Their product, studied in the Tiselius electrophoresis apparatus, 
as well as in the ultracentrifuge, was found to behave as a single com- 
ponent. The isoelectric point of the preparation was found to be at pH 10 
and this rather alkaline isoelectric point suggested to the authors that, in 
general, basic proteins might combine with biotin. Consequently the 
proteins salmin and nucleohistone from liver were tested for their com- 
bining power with biotin. The results were negative. 

* This name is derived from “avidalbumin,” which literally means hungry albumin. 
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In a recent note (53) the preparation of crystalling' avidin has been 
reported, the activity of which was found to be lower than that of the 
amorphous preparations. 

That avidin is actually the agent responsible for the production of egg 
white injury, was demonstrated by Gyorgy, et al. (54). These investigators 
were able to produce egg white injury in rats fed cooked egg white to which 
small amounts of the purified avidin had been added. 

The biotin present in the diet as well as in the intestines combines with 
the avidin, and the avidin biotin complex passes unchanged through the 
alimentary tract and can be demonstrated in the feces (55).* The biotin 
in the feces of rats fed a stock diet is present in a bound form from which it 
cannot be released by steaming, whereas the biotin in the excreta of ani- 
mals fed avidin is liberated by this latter treatment. Since it had been 
previously showm that steaming splits the avidin biotin complex, these 
experiments were a demonstration of the presence of the avidin biotin 
complex in the feces. 

Avidin is a protein which deserves special interest, not only because of its 
I)ower to combin^^ with biotin, but also because of its remarkalde stability 
toward enzymatic digestion. 

Very little information is available as to the type of linkage that is 
responsible for the formation of the avidin biotin complex, and only one 
study (56) has been published on the specificity of this unique reaction. 
A degradation product of biotin, namely, the diaminocarboxylic acid, has 
recently been tested for its combining power with avidin. This derivative 
was found to contain 10% of the physiological activity of biotin as meas- 
ured by the yeast growth method, and this activity was not inhibited by 
the addition of avidin. It was, therefore, concluded that the urea ring in 
biotin is necessary for the combination. 

In the light of these recent developments egg white injury must be 
regarded as an induced biotin deficiency, caused by avidin, a constituent of 
raw egg white, which has the ability to combine with the biotin and thus 
make it unavailable to the animal organism. 

VIIL The Role of Biotin in Animal Nutrition 

Nutritional disorders caused by the feeding of egg white have been ob- 
served in several animal species; such as, the chick (7), the rabbit, the 
monkey (57) and the mouse (21). Observations have likewise been re- 

* Parenteral administration of the avidin biotin complex cures rats from egg white 
injury (55). 
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ported by Sydenstricker, et al. (58, 59), on disorders in humans caused by 
diets rich in egg white. A group of volunteers, given a diet in which 30% 
of the total calories were supplied in the form of desiccated egg white, 
developed the following symptoms: 

In the third and fourth weeks a fine scaly dermatitis was noticed, which 
subsequently spontaneously disappeared. In the fifth week one of the 
group developed a mild depression which progressed to an extreme lassitude 
and hallucination. Two others became slightly panicky. The only strik- 
ing observation in the seventh and eighth weeks was a marked pallor of the 
skin. In the ninth and tenth weeks a form of dermatitis appeared which 
was similar to that observed during the beginning of the experiment. The 
biotin excretion^hich on a normal diet was found to be 29-62 y per 24 
hours, dropped to 3. 5-7. 5 y. Treatment of the patients with a biotin con- 
centrate corresponding to a daily dose of 150-300 y brought relief in a few 
days. ^ 

It has not been possible as yet to produce a biotin deficiency in rats 
without the addition of egg white or avidin to the diet. Since a number of 
bacteria have the ability to synthesize biotin (60), bacterial synthesis in 
the intestines is the most likely explanation for the fact that the rat is more 
or less independent of a dietary supply of the vitamin. A true biotin 
deficiency has, however, been produced in the chick without the use of egg 
white. Ansbacher and Landy (26), using a heat-treated diet, produced a 
scaly dermatitis in chicks which was rapidly cured by the injection of 
biotin methyl ester or crude biotin concentrates. 

A similar dermatitis had previously been reported by Hegsted, et al 

(61) , in chicks fed purified rations, and it was later found (27) that biotin 
is able to cure the animals. The biotin requirements of the chick seem to 
be higher than those of the rat, which makes the chick more dependent on 
a dietary supply of this substance. 

Biotin has recently become of importance in connection with fat syn- 
thesis and the production of fatty livers in the rat. McHenry and Gavin 

(62) found that rats which are kept on a low fat diet develop acutely fatty 
livers when an alcoholic extract of beef liver is administered. The produc- 
tion of these fatty livers was not affected by choline, but was completely 
prevented when lipocaic was administered. It was later observed (63) that 
a similar fatty infiltration of the liver characterized by a high content of 
cholesterol occurred in rats fed biotin concentrates or pure biotin in con- 
junction with thiamine, riboflavin, pantothenic acid, pyridoxine and 
choline. Lipocaic, inositol or egg white were effective in preventing this 
^^biotin^' type of fatty liver. 
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IX. The Possible Relationship of Biotin to Cancer 

Since biotin is one of the most potent growth factors known, it became 
of interest to know whether rapidly growing tissues differ in their content 
of this vitamin. The first investigation in this direction was reported by 
West and Woglom (64), who made a comparative study on the biotin con- 
tent of various normal tissues as compared with the corresponding embryo 
materials. Rhizobium trifoUi was used as the test organism, and biotin 
was liberated from the tissues by acid hydrolysis. As these studies have 
been greatly extended (21), they shall be discussed later. West and 
Woglom^s paper brought about much speculation as to the possible role 
of biotin in the production of malignancy (65). 


Table IV 

Effect of Biotin on the Production of Hepatic Tumors by ATjV-Dimethylamino- 

AZOBENZENE 



Biotin preparation used 

Amount of 
biotin added 
daily 

No. of rats 
surviving 

No. of rats 
with hepatic 
tumor 

Expts. I, II, III 

Controls 


28 

1 


Crude and crystalline 
biotin 

0.3-4.07 

50 

22 

Expts. II, III 

Controls 


19 

0 


Crystalline biotin 

2. 0-4.0 7 

16 

9 


Experiments in which biotin showed a procancerogenic effect in butter- 
yellow tumor formation were reported by du Vigjjeaud, Spangler, Burk, 
Kensler, Sugiura and Rhoads (66). These authors studied the effect of 
biotin on the production of the primary carcinoma of the liver as induced 
by the feeding of 1,1-A-dimethylaminoazobenzene (butter-yellow). They 
found that the addition of pure biotin to otherwise highly protective diets 
(67) caused a higher incidence in tumor formation. It was concluded that 
biotin is able to ‘^break through^' the dietary protection, and can exert a 
procancerogenic effect. Their findings are summarized in Table IV. 

In the extended studies by West and Woglom (21) on the abnormalities 
in the distribution of biotin in certain tumors and embryo tissues, care- 
fully selected tissue samples were employed for biotin analysis. A com- 
parison was made of the normal adult tissues with the corresponding ma- 
terial from embryos and tumors. Some of their findings are summarized 
in Table V. 

As may be seen from the table, striking differences were observed be- 
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tween the biotin content of embryonic tissues and tumors on the one hand, 
and the corresponding normal material on the other. In most cases 
studied, the tumor, as well as the embryonic tissues, contained significantly 
less biotin than did the normal controls. In a few cases such as rabbit skin 
tissue, however, the tumors and the embryonic tissues were definitely 
higher in the growth factor. 

In another set of experiments the authors studied the influence of the 
biotin level of the host animal on the growth of certain transplantable 
tumors. 


Tablk V 

CoMP.\RATIVE VAL"0fefi ON THE BlOTIN CoNTENT* OF NORMAL EmBRYO AND TUMOR 
Tissues Aucordino to West and Woglom 



Liver 

Lung 

1 Skin 

1 Connective tissue 


Nor- 

mal 

Em- 

bryo 

Tumor 

Nor- 

mal 

Em- 

bryo 

Tumor 

Nor- 

mal 

Em- 

bryo 

Tumor 

Nor- 

mal 

Em- 

bryo 

Tumor 

Rat 

4480 

1280 

2030 


1 





2460 

1280 

544 

Mouse 

Rabbit 

3613 

2909 

1170 

228o 

1330 

1177 

89 

531 

360 1 

1280 

312 

556 

.... 1 







369 J 

134 

1330 

813 


* Biotin values are expressed in 7 per gm. of dry tissue, 
t Rabbit papillomas, 
t Rabbit skin carcinomas. 

Table VI 

Weights of Transplanted Tumors in Normal and Biotin-Deficient Mice Ac- 
cording TO West and Woijlom 



Controls, 

Deficient. 


gm. 

gm. 

Averiige weight of sarcomas 37 after 17 days 

0.36 

0.26 

Avei age weight of sarcomas 180 after 10 days 

1.06 

0.99 


Mice were fed an avidin-containing diet until they developed a severe 
biotin deficiency and the biotin levels of their tissues had dropped 80 to 
90% below normal. When the mice had about two to three weeks more to 
live, fragments of the rapidly growing sarcomas 37 as well as 180 were 
introduced subcutaneously into the deficient animals and into normal 
controls, and the growth of the tumors was observed. All of the tumors 
grew well producing large, healthy growth, despite the fact that the 
animals during the time w^re in an extreme stage of biotin depletion. 
After ten to seventeen days, respectively, the tumors were removed, and 
their weights recorded as summarized in Table VI. 
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Since only small differences in weight were observed between the normal 
and the biotin-deficient tumors, as may be seen from Table VI, it has been 
concluded that these two sarcomas are not dependent on biotin for the 
maintenance of their normal activity. 
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L Introduction 

The metabolism of living tissues is carried on by a diverse and intricate 
mosaic of enzymic catalysis. Under normal conditions and over the greater 
part of the life of the host, each tissue maintains a steady and consistent 
enzymjc pattern. Under abnormal circumstances, this pattern may be 
altered by injury to one or more of the component enzymes. Thus, under 
conditions of dietary depletion in vitamins (1, 2) or essential metals (3, 4), 
the activity of certain tissue enzymes of the host are impaired. The in- 
troduction of toxic agents into the ho.st may also result in enzyme impair- 
ment, such as the effect of carbon monoxide inhalation on respiratory ac- 
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tivity. When a tissue becomes neoplastic, a change in one or more of the 
enzymes may occur. For present purposes, it is relatively unimportant 
to know w^hether such a change, if it does occur, is the cause of the neo- 
plasia, the consequence of the neoplasia, or the result of processes external 
to the affected tissue. All that we wish to establish at the present time is 
whether a change in enzymatic activity is the specific acpompaniment of 
neoplasia and to what extent this change may occur. 

The form in which this review will be presented lays emphasis entirely 
on comparisons, on the one hand, of neoplasms and their normal tissues of 
origin, and, on the other hand, of similar tissues in normal and in tumor- 
bearing animals. Each tissue considered will be characterized by the ac- 
tivity of severaHlnzyme systems or by the concentration of several organic 
and inorganic components. The discussion will center chiefly on the ac- 
tivity of individual, relatively well-defined enzymes rather than on factors 
such as tissue respiration and glycolysis which involve complexes of con- 
current enzymic activities. No attempt is made to give anything more 
than a comprehensive summary of only those enzyme data which appear 
to the reviewer to be relevant to the cancer problem. Obviously the se- 
lection of such data is arbitrary but it is necessary for clarity. 

II. Comparison of the Enzymatic Activity of Ttunors with that of the 
Normal Tissues of Origin 

Thje data collected in Table I as well as those in succeeding tables are 
essentially comparative, and in every case reported the comparison has 
been made by the same investigator or groups of investigators. Refer- 
ences to the appropriate literature are given in parentheses. The compari- 
sons have thus been made throughout under the same conditions. Under 
the headings of the columns in Table I entitled *^Rat hepatomas” and 
‘‘Mouse hepatomas” appear those tumors which either arose spontane- 
ously or were induce^ by the indicated carcinogen. All of the mouse he- 
patomas were transplants. 

1 . Hepatomas and Liver 

Few tissues lend themselves so admirably to the comparative studies 
which form the basis of this review as do the liver and the hepatomas. 
These tumors arise in liver cells of different species and in various animal 
strains, either spontaneously or by induction through the administration of 
chemical agents. The liver contains a wide assortment of highly active 
enzymes. The possibility therefore exists of studying alterations in a 
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•number of biocatalytic systems in hepatomas of different origin and in 
various strains and species of animals. Further comparison with growing 
hepatic tissues is afforded by the study of fetal and of regenerating liver 
in which, in contrast with the case of the hepatomas, the growth of the 
tissue is controlled. 

The hepatomas which will be considered comprise those which were in- 
duced by the inclusion of p-dimethylaminoazobenzene (butter-yellow) or 
2-amino-5-azotoluene in the diet of rats, and those which arose spontane- 
ously in mice or were induced by the injection of 2-amino-5-azotoluene or 
of carbon tetrachloride. The rat hepatomas were first developed in Japan; 
transplantation of the aminoazotoluene-induced tumors was accomplished 
by likubo (see Shear (5) for review). Transplantation of butter-yellow- 
induced hepatomas was accomplished by White (6) at the National Cancer 
Institute. The chemical studies on the mouse hepatomas were performed 
on tumors developed in the latter institution by Andervont and Edwards. 
A recent paper by Andervont, Grady and Edwards (7) summarizes the 
histological characteristics of many, of these mouse hepatomas. 

There has been gathered into this section all of the available data on the enzymes and 
certain other components of the hepatomas and of related normal hepatic tissues. Some 
of the data have been obtained on the primary tumors, others on transplants. These 
will be distinguished. Where comparison of the same enzyme in the primary tumor 
and in the transplant has been possible, it was often found that the activity in the pri- 
mary hepatoma was intermediate in value between that of the normal liver and that of 
the transplant. This is probably due in part to the presence of normal liver cells in the 
primary hepatoma. 

The data so assembled are derived from the results of many investigators w^ho used 
quite different experimental methods. This raises the problem of how to present the 
data most effectively within the limits set by the purpose of this review. The details 
of the various determinations and the methods of representing the data obtained are 
available in the original articles to which reference for such information may be made. 
The data have been assembled and compared on the following basis : the value for the 
activity of each enzyme in normal adult liver, irrespective of species or strain, is arbi- 
trarily set at 100. The corresponding values of the enzymes in hepatomas or fetal or 
regenerating liver are then given on a comparative basis and will be less than or greater 
than 100 depending upon w'hether the activity of the enzyme concerned is respectively 
less or greater than that in normal liver. The values given for the former tissues thus 
represent the fractional part of the activity of normal liver and are based on the data ob- 
tained from the literature. 

Examination of the data in Table 1 reveals on the whole striking differ- 
ences in the activity of regenerating, of fetal, and of neoplastic liver tissues. 
With two exceptions, xanthine dehydrogenase activity and the content of 
total solids, regenerating rat liver is very similar in all respects to normal 
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adult (resting) liver. The activity of amylase in fetal liver is of the same 
order as that of adult liver, but the activity or concentration of nearly every 
other component studied in the former is invariably less than that found in 
the latter tissue. In the hepatomas, the activity of the enzymes may be 
less than, equal to, or greater than that of the corresponding enzymes in 
normal adult liver. With a few exceptions, most of the enzymes are di- 
minished in the hepatomas as compared with normal liver, and so re- 
semble the comparison of fetal with adult liver. The tissue components 
which are apparently more concentrated in the liver than in other body 
tissues, e. ^., arginase, catalase, riboflavin, etc., will be considerably di- 
minished when the liver becomes neoplastic. It is possible that many of. 
the hepatic enzyRes and other components are simply stored in the liver, 
and the capacity (or necessity) for storage is lost when the liver becomes 
neoplastic. On the whole, however, it might be said that, enzymatically, 
fetal liver resembles the tiepatomas more than it does either adult or re- 
generating liver. Burk (39) has shown that the glycolytic power of re- 
generating rat liver is very similar to that of normal adult liver, but that of 
fetal liver, like that of the hepatomas, is considerably greater than that of 
adult liver. Fetal liver contains a large amount of hematopoetic elements 
and hence the results obtained with this tissue must be accepted with some 
reserve. 

The comparison of such obviously separate tissues as adult, fetal and regenerating liver 
and hepatomas offers the metabolic picture of tissues at definitely separable states. The 
data obtained are distinguishable on the basis of the state of the tissue. It would be 
advantageous however, to have more data on the intermediate stages involved, such as 
the change of liver into the neoplasm, the course of regenerating liver, and the growth of 
fetal into adult tissue. A few studies of the latter two changes are available (10, 35, 40, 
41) and at least one study of the former (28). A dynamic picture is needed of the changes 
involved and this is obviously the most immediate task. 

After this brief consideration of the general types of hepatic tissue it is appropriate to 
turn to the comparison of the hepatomas in each of the two species, rats and mice, in 
which these tumors have been studied. Hepatomas in rats have been induced by the 
feeding of two different carcinogenic chemicals. Most of the biochemical data on the 
butter-yellow tumore have been reported by American workers; that on aminoazotoluene 
tumors by the Japanese. Unfortunately, only a few reports of studies on the same chemi- 
cal system in both hepatomas are available. In mice, however, there are considerable 
data on many enzyme systems all of which were studied in transplanted hepatomas of 
different origin in several inbred strains of mice (8). With these studies in mice supple- 
mented by the few in rats, it has been possible to observe what effect the mode of origin 
of the tumor and the animal strain in which it arises have upon the enzymatic properties 
of the tumors. References to the various mouse tumors have been given (8). 

Arginase and Urea. — Arginase, the enzyme which catalyzes the hy- 
drolysis of arginine to ornithine and urea, is diminished to approximately 
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the same extent in hepatomas in rats and in various strains of mice. The 
results on the butter-yellow-induced hepatomas in rats from two different 
laboratories are quite similar. Of considerable interest is the observation 
that the arginase activity of the rat hepatomas and of the hepatomas of di- 
verse origin in several strains of mice are very nearly the same. The con- 
tent of urea in the hepatomas and in fetal liver is twice as great as normal. 
The urea in these tissues is probably due to the action of the arginase on 
arginine either derived from tissue protein breakdown or brought to the 
tissue by the blood stream. The urea-synthesizing mechanism, described 
by Krebs for normal, adult rat liver (42), is apparently missing in the rat 
hepatoma (30). The arginase component of the mechanism, although di- 
minished, is still present; it is the synthetic portion of this cycle, e. g., that 
responsible for the synthesis of arginine from citrulline or ornithine and 
ammonia which is deficient. A specific function of the normal liver thus 
apparently vanishes when the liver becomes neoplastic. 

When ammonia is added to slices of liver or of hepatomas suspended in a 
glucose-containing medium, the rate of disappearance of the ammonia is 
distinctly greater in the former than in the latter tissue (30). The am- 
monia thus consumed is presumed to enter into a synthetic reaction with 
the glucose or its conversion products. In view of the rapid growth char- 
acteristic of the hepatoma it is somewhat surprising to find that the am- 
monia consumption is less than that of the normal liver, but it is possible 
that the synthetic processes of the tumor require other factors and perhaps 
other conditions than those employed. 

Catalase, Cytochrome Oxidase and Cytochrome c. — These iron- 
containing components of normal liver are considerably reduced when the 
latter becomes neoplastic. The exact physiological function of catakiV 
is not known ; it is identified by its high rate of splitting of hydrogen^^’ 
oxide. The lack of evidence for the presence of the latter substrate \n^ 
animal tissues has been the cause of the inability to assign to catafe^ a 
definite and known function. Nevertheless, it appears to be an invariafey 
component of the livers (and kidney and erythrocytes) of all mammafe 
Cytochrome oxidase is a participant in the respiration cycle in all tissues, 
and its substrate is the readily identifiable tissue component, cytochrome 
(43). Of the various cytochromes in tissues only the c component has 
been isolated. For the synthesis of catalase and of cytochrome oxidase 
by the tissues, t definite level of copper in the diet of the host animal has 
been found necessary (3, 4). In this connection it is interesting to note 
that the copper content of the hepatomas is lower than that of normal liver, 

Catalase activity in the rat hepatoma is reduced to an almost negligible 
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amount as compared to that of normal liver. The reduction is not so 
marked in the mouse as in the rat hepatomas, but here too the activity is 
much less than normal and appears to be slightly related to the strain of 
mouse in which the hepatoma appears. Thus, the activity of catalase in 
the induced and in the spontaneous hepatoma in C3H mice is very nearly 
the same, but the catalase activity of the induced and spontaneous hepa- 
tomas in A mice is quite different in the two types of tumor and quite dif- 
ferent also from that in the C3H mice. The cytochrome oxidase activity, 
however, is very nearly the same for hepatomas in all the mice strains. 

The catalase (and arginase) activity of the induced tumor in I mice is 
the same as that found in the same tumor transplanted to Fi hybrids of 
this strain with and with dilute brown mice (8), and thus hybridiza- 
tion, at least for the first generation, does not affect the enzymic properties 
of the tumor. Furthermore, in any one hepatoma in a given mouse strain 
the enzymic activity is invariably independent of the age or of the growth 
rate of the tumor. 

Both cytochrome oxidase and cytochrome c are reduced to nearly the 
same extent in the rat hepatoma. This reduction is of some interest when 
it is considered that the respiration (in which these components participate) 
is practically the same in the hepatoma and in normal and regenerating 
liver (39). Shack has pointed out in an interesting calculation that the 
liver, whether resting or regenerating, has in contrast to the hepatoma, a 
considerable reserve of the oxidase-cytochrome system (11). Thus, when 
p-phenylenediamine in addition to glucose was, added to liver and to hepa- 
toma, the former tissue responded by a greater oxygen consumption than 
did the latter (18). Since the hepatomas do not possess an oxidative re- 
serve, they can respond to demands for more energy by the supply of sub- 
strates only by an increase in glycolysis, whereas normal and regenerating 
liver (the latter, like hepatoma, also rapidly growing) may respond by in- 
creased oxidation (11). The oxygen consumption of the hepatoma is thus 
limited by the cytochrome system. This concept assists in the general in- 
terpretation of the high glycolysis of most tumors whose cytochrome oxi- 
dase values fall within the range of the hepatomas. 

Xanthine Dehydrogenase, d-AminO Acid Oxidase, Succinic Oxidase, 
Riboflavin, Thiamine, Coenzyme I, Vitamin A and Biotin. — The enzymes 
considered in this section either have in common a known riboflavin struc- 
ture or require riboflavin in the diet for their proper level of function (1, 
2, 44). With one exception, xanthine dehydrogenase is present in greatly 
diminished activity in the hepatomas as compared with normal liver. The 
value for the hepatoma in the I strain is the same as that of normal liver. 
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The drop in the two hepatomas of the C3H strain is very nearly the same 
and the drop in the two hepatomas in the A strain is very nearly the same 
but different from that in the former strain. The riboflavin content of all 
the mouse hepatomas, however, is very nearly the same and is considerably 
lower than the value for normal liver. Since xanthine dehydrogenase, 
like d-amino acid oxidase and succinic oxidase, are flavin enzymes it is not 
surprising to find their activity reduced in the riboflavin-low hepatomas, 
but it is equally clear that there is no exact correlation between the drop 
in riboflavin content in the tumor, and the drop in either amino acid oxidase 
or xanthine dehydrogenase activity. Shack has suggested (11) that the 
lowering of the d-amino acid oxidase activity may be due to a deficiency in 
the protein component as well as in the flavin prosthetic group. 

The oxidation chain in tissues is presumed to involve the action of mo- 
lecular oxygen on cytochrome oxidase previously reduced by the reduced 
form of cytochrome. The latter in turn is then reduced by the flavopro- 
tein enzymes. The iron and flavin systems are thus closely linked in the 
respiration cycle of animal tissues. Although both cytochrome oxidase 
and d-amino acid oxidase are reduced in activity when the liver becomes 
neoplastic, the latter is reduced to a much greater extent than the former. 
Furthermore, the fall in activity of the amino acid oxidase is much greater 
than that of xanthine dehydrogenase. Since the latter two enzymes are 
flavoproteins, and there appears to be more than enough flavin in the tu- 
mor to account for their combined activity, the unequal fall in their ac- 
tivity would lend weight to the suggestion that the fall is due to changes 
in the protein moiety of these enzymes. In any event, the change of liver 
cells into the neoplasm is thus accompanied by an unequal change in these 
as in many other enzyme systems. 

Coenzyme I which participates in the oxidation mechanism contains 
nicotinic acid amide as a component and hence is also related to the vita- 
mins. The content of coenzyme I and vitamin A in the hepatoma is con- 
siderably lower, that of thiamin only slightly lower, than that respectively 
in normal liver. The biotin values for the rat and mouse hepatomas are 
much lower than the corresponding values for the normal livers of these 
species. The lowered value in the case of the mouse hepatoma was char- 
acteristic only of the later growth of the tumor. A single specimen of a 
human liver carcinoma gave, in general, the same picture as that of the 
rat hepatoma. 

Amylase, Glycogen, Glucose and Lactic Acid. — Amylase, which is 
probably composed of at least two separate enzymes (45) acts upon glyco- 
gen with the liberation of reducing groups. The activity of this enzyme 
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system in the hepatomas is very little different from that in normal liver. 
We have here, therefore, at least one system in liver which is not obviously 
affected by the change into a neoplasm. This is all the more interesting in 
view of the observation that the rat hepatoma is nearly devoid of glyco- 
gen. The mouse hepatomas, on the other hand, all contain glycogen in 
quantities which at present are not known. Thus, the amylase system is 
retained in the hepatoma independently of the capacity of the latter to 
store glycogen. Orr and Stickland (46) have pointed out that the sub- 
strate for glycolysis in the liver is gljrcogen, in the rat hepatoma it is glu- 
cose. Glycogen may thus be unnecessary in the hepatoma but if so the 
reason for the presence of the amylase system then becomes obscure. The 
relative proportidflhof glucose in the rat hepatoma is low, that of lactic acid 
is high, as compared to that of the normal liver, and this in view of the 
greater glycolysis in the former tissue is not surprising. 

Peptidases, Transaminase and Histidase. — The proteolytic activity 
of the butter-yellow hepatoma in the rat is considerably greater than that 
of normal liver. The substrate used for these studies was hemoglobin. 
The proteolytic activity of the aminoazotoluene-induced rat hepatomas, 
when casein and gelatin were used as substrates, was found to be much less 
than that of normal liver. Proteolysis with the former tumor was accel- 
erated by addition of cysteine, but with the latter tumor it was unaffected 
by addition of sulfhydryl. Although different conditions of extraction of 
the tissues were employed and different substrates were used, it is not 
believed that these were primarily responsible for the differences ;n the 
relative proteolytic activities shown. Reference to data on other enzymes 
in Table I, which were obtained with mouse tumors induced by different 
carcinogens in different strains, shows clearly that quite opposite results 
obtained even under the same conditions on the same enzyme in tumors in 
different strains are not exceptional, e. g., thymonucleodepolymerase and 
alkaline phosphatase. The difference in proteolytic activity in the two 
hepatomas may well be ascribed to differences in the animal strains. The 
activity of dipeptidase and tripeptidase in the aminoazotoluene-induced rat 
hepatoma is the same as that of norfnal liver. It is indeed curious that 
the distribution in the enzyme sequence in the breakdown of the proteins 
should be so unequal when the liver becomes neoplastic. Like the case 
of the amylase system discussed above, the reason for the retention or loss 
of catalytic systems appears to be obscure. 

Tumor growth involves the continuous synthesis of protein by the pepti- 
dases. This synthesis must be coupled with energy-producing mechan- 
isms since the equilibrium between protein and peptides or amino acids 
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lies far on the side of hydrolysis. In view of the relatively low proportion 
of the oxygen-utilizing systems in the hepatomas and in fetal liver, the 
energy for synthesis in these tissues must be largely supplied by glycolysis. 
Burk has indeed shown that glycolysis is high in these tissues (39). The 
problem of relating biochemical synthesis to energy-producing mechanisms 
offers probably the most fundamental task in the elucidation of the neo- 
plastic process. 

Histidase, an enzyme so far found only in liver, which splits ammonia 
from the imidazole ring of histidine, is almost nonexistent in the rat hepa- 
toma — another example of a specific hepatic function which practically 
disappears when the liver becomes neoplastic. Still another specific 
hepatic system which vanishes in this fashion is that responsible for the 
rapid degradation of cystine to H 2 S, NHs, and pyruvic acid (66). Trans- 
aminase, which is concerned with the transfer of the amino group from 
certain amino acids to keto acids, decreases progressively in the liver 
during conversion of the latter into a hepatoma, finally reaching a low 
level characteristic of the hepatoma (28). 

Thjrmonucleodepolymerase and Phosphatase. — The activity of the 
former enzyme, which is followed by the progressive depolymerization 
of sodium thymonucleate, is not very greatly changed in the hepatomas 
as compared to the normal liver. It is slightly below the normal in the 
rat and. in one of the mouse hepatomas and slightly greater than normal in 
the rest of the mouse hepatomas. This system, therefore, like amylase 
and certain of the peptidases is practically completely retained when the 
liver becomes neoplastic. 

In the case of acid phosphatase, the activity of this enzyme with one ex- 
ception is significantly increased in both rat and mouse hepatomas. In 
the butter-yellow-induced rat hepatoma the augmentation of alkaline phos- 
phatase activity is phenomenal, amounting to nearly 150 times that of the 
normal liver. It may be that this is due to the inclusion of bone elements 
in the tumor. The alkaline phosphatase activity of the mouse hepatomas 
varies from values lower than that of normal liver to values little different 
from that of normal liver. With this enzyme there appears to be a strain 
difference in mice, similar to the case of xanthine dehydrogenase and of 
catalase. Thus, the activities in hepatomas in the C3H strain are both 
lower than normal, those in hepatomas in the A strain are both nearly the 
same as normal. The lack of correlation in each of the tumors of the rela- 
tive values for thymonucleodepolymerase and for phosphatase indicates 
that the two enzymes are quite different. The macro determinations of 
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phosphatase in the hepatomas have been independently confirmed by histo- 
logic determinations (47). 

Since the thymonucleodepolymerase acts upon an exclusively nuclear 
substrate, this enzyme may be assumed to exist in the nucleus. It is in- 
teresting to note therefore that nuclear activity in adult, in fetal, in re- 
generating, and in neoplastic hepatic tissue, in so far as the state of nu- 
cleic acid is concerned, is practically the same. The activity of the factor 
responsible for the state of thymonucleic acid in the nucleus is thus inde- 
pendent of the rate of hepatic tissue growth. The proportion of desoxy- 
nucleoprotein in rat liver and in transplanted rat hepatomas, as well as 
the analytical composition and physical properties of the preparations from 
each of these tissues, is practically the same (26). It is possible that dif- 
ferences between liver and hepatoma must be sought for rather in the cyto- 
plasmic components of these tissues. 

Phosphatide, Fatty Adds and Cholesterol. — The content of phospha- 
tides and of fatty acids in the rat hepatomas is lower than in normal liver 
but that of both free and esterified cholesterol is distinctly greater. These 
results are the same for hepatomas arising through butter-yellow or through 
aminoazotoluene administration. That a qualitative difference as well as 
a quantitative difference in the hepatoma cholesterol may exist is indicated 
by the report of the presence of 7-dehydro-cholesterol in the cholesterol 
fractions of the hepatoma (48). 

Ascorbic Acid and Glutathione. — The analysis of tissues for these com- 
ponents is beset by many technical difficulties, and data reported must 
be accepted with some reserve. The ascorbic acid content and the gluta- 
thione content of the butter-yellow-induced hepatoma in rats have been 
reported to be lower, those in the aminoazotoluene-induced rat hepatomas 
to be distinctly higher than the corresponding values for these com- 
ponents in normal rat liver. On the other hand, the glutathione content 
of the mouse tumors investigated was about the same as that of normal 
mouse liver. The sulfhydryl groups of normal liver, available to titration 
after denaturation of the liver proteins, are greater in number per gram of 
tissue than the corresponding groups in the proteins of the hepatoma (26). 
This is interesting in view of the higher sulfur content of the hepatoma, but 
the difference may be explicable on the basis that more of the sulfur in the 
hepatoma may be in the form of disulfide, rather than sulfhydryl, groups. 

Comparison of the ascorbic acid plus glutathione content of the two kinds 
of rat hepatoma reveals the greater reducing environment which must 
exist in the hepatomas which were induced by aminoazotoluene. It is 
possible that the failure to cause increased proteolysis in extracts of this 
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. hepatoma by addition of reducing agents may have been due to the presence 
of already maximal quantities of these agents. 

Nitrogen and Creatine.— The content of nonprotein N, of amino N, and 
of creatine and creatinine is practically the same in the hepatomas as in 
normal liver. Creatine is formed by the interaction of choline, methionine, 
glycine and arginine (49, 50). The amidination of glycine may occur in 
the kidney, but the methylation of the guanidoacetic acid produced defi- 
nitely occurs in the liver (51). It is of considerable interest to note that the 
capacity to produce creatine (and creatinine) which represents a phase of 
amino acid metabolism, is yet another system which is apparently com- 
pletely retained when the liver becomes neoplastic. 

Total Solids and Metals. — The proportion of water in the hepatomas 
irrespective of origin, strain or species of animal appears to be distinctly 
higher than in normal liver. If this water is mainly extracellular it might 
be expected that the sodium and chloride ion concentrations would also be 
higher in the tumors. This is indeed the case. The proportion of potas- 
sium in the tumor is phenomenal. Iron is lower in the tumor than in nor- 
mal liver and this is in keeping with the finding of decreased iron-containing 
enzyme systems in the hepatomas. 

Lymphomas and Lymph Nodes 

In Table II are gathered the data obtained on a transplanted lymphoma 
in A mice and the normal lymph nodes of this strain which are used as con- 
trol tissues. A brief histologic description of this tumor has been given 
( 10 ). 


Table II 

Lymphoma and Normal Lymph Nodes 


(Method of Representing Data Similar to that in Table I) 


Ensyme 

1 Lymphoma 

Arginase 

130“ 

(10) 

Urea 

20“ 

(10) 

Catalase 

50“ 

(52) 

Xanthine dehydrogenase 

960“ 

(52) 

Thymonucleodepolymerase 

1“. 

‘ (53) 

Acid phosphatase 

20“ 

(54) 

Alkaline phosphatase 

125“ 

(54) 


• Transplanted, subcutaneous lymphoma in A mice. 

* ApproTumate. 
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Normal lymph nodes contain the greatast amount of thymonucleode- 
polymerase activity of all the animal tissues studied. This might be re- 
lated to the relative size of the nucleus compared to the cytoplasm in this 
tissue. Since thymonucleic acid exists almost wholly in the nucleus, it 
might be expected that the enzyme or enzymes which affect this acid would 
be found in high activity in highly nuclear material. When the nodes be- 
come neoplastic, however, the thymonucleodepolym^^rase activity drops 
to a very low value despite the fact that the relative size of the nucleus re- 
mains fairly large in the tumor. The interrelation of morphology and 
physiological function is still obscure. 

The activity of arginase and of alkaline phosphatase increases slightly in 
the lymphoma,^at of xanthine dehydrogenase increases considerably, 
whereas that of acid phosphatase definitely decreases. 

S. Mammary Tumors and Breast 

The only data in the literature useful for comparative purposes are those 
obtained on spontaneous mammary tumors in mice. The control tissue 
has been either hyperplastic breast induced by subcutaneous injection of 
stilbestrol or lactating breast. The data are collected in Table III. 

Hyperplastic breast is not an altogether unobjectionable comparison 


Table III 

Mammary Tumors and Breast 
(Method of Representing Data Similar to that in Table I) 


Encyme 

1 Spontaneous mammary tumors 

Arginase 

170“. « 

(10) 


173‘' ' 

(10) 


248“- 

(10) 

Catalase 

100“* 

(52) 

Xanthine dehydrogenase 

150“ - * 

(52) 

Thymonucleodepolymerase 

100“'* 

(53) 

Acid phosphatase 

116“'* 

(54) 


lll^c 

(54) 

Alkaline phosphatase 

244“' * 

(54) 


222^* 

(54) 


® In C3H mice. 

* In A mice. 

* Hyperplastic breast induced by iSlilbestrol as control tissue. 
^ Lactating breast as control tissue. 
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tissue for the spontaneous mammary tumors, and hence the comparisons 
made must be accepted with some reserve. Examination of the data in 
Table III reveals that the enzyme activity in the tumor is either equal to or 
distinctly greater than that in the hyperplastic breast. The activities of 
the various enzymes studied in tumors arising spontaneously in different 
strains are all the same, indicating the absence of any effect of the strain 
on the tumor enzyme. This apparent fact differentiates the spontaneous 
mammary tumors to some extent from the transplanted hepatomas in 
mice (Table I). 


J^. Rhabdomyosarcoma and Muscle 

. There exists in the literature a single reference to work in which an en- 
zyme system in a transplanted rhabdomyosarcoma and in normal muscle 
is studied (18). The data are given in Table IV. 

The activity of the succinic oxidase is obviously greatly reduced in the 
rhabdomyosarcoma as compared with the normal muscle. 


Table IV 

Rhabdomyosarcoma and Muscle 
(Method of Representing Data Similar to that of Table I) 


Enzyme 

Rhabdomyosarcoma 

Succinic oxidase 

17“ (18) 

® Transplanted tumor. 


6. Adenocarcinoma of the Stomach and Intestine and Normal Gastric and 

Intestinal Mucosa 

Comparisons of the enzymatic activity of transplanted adenocarcinomas 
of the stomach and of the intestine in mice with the corresponding normal 
mucosa have been reported (55). The tumors were developed and de- 
scribed by Lorenz and Stewart (56, 57). The enzyme data are given in 
Table Y. 

Pepsin and rennin are enzymes specific to the gastric mucosa and ap- 
parently they vanish when this tissue becomes neoplastic. The greatest 
activity of alkaline phosphatase for all body tissues is found in the small 
intestine, and this enzyme also apparently nearly disappears in the intes- 
tinal adenocarcinoma. The gastric adenocarcinoma contains little or no 
alkaline phosphatase and in both types of adenocarcinoma the acid phos- 
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phatase is reduced to about half the activity of the normal mucosa. In 
contrast to these marked changes, the activity of thymonucleodepolymer- 
ase in the tumors is practically the same as in the respective normal tissues 
of origin. 


Table V 

Adenocarcinoma of the Stomach and Intestine and Normal Gastric and Intesti- 
nal Mucosa 

(Method of Urprosrnting Data Similar to that in Table I) 


Enzyme 

Gastric adenocarcinoma ° 

1 Intestinal adenocarcinoma^ 

Pepsin ^ 

0 (56) 



Rcnnin 

0 (55) 



Thymonucleodopolymerase 

98 (55) 

98 

(55) 

Acid phosphatase 

59 (54) 

56 

(54) 

Alkaline phosphatase ♦ 

0 (54) 

0.1 

(54) 


* Transplanted tumor in C3H mice. 
^ Transplanted tumor in A mice. 


There exists in the literature a report on the comparison of the tryptic, amylolytic and 
lipolytic activity of a single primary human adenocarcinoma of the pancreas with normal 
human pancreas (58). No difference was observed in the activity of these enzymes. 
This is an interesting finding but too great weight cannot be attached to observations 
on a single sample of tissue. 

6. Carcinoma of the Prostate and Normal Prostate 

Kutscher and Wolbergs (59) first demonstrated the presence of a highly 
active acid phosphatase (optimum pH 5.0) in normal prostate tissue, but 


Table VI 

Carcinoma of Prostate and Normal Prostate (Human) 
(Method of Representing Data Similar to that in Table I) 


Enzyme 

Tumor 

Acid phosphatase® 

156 (60) 

• At pH 5.06. 


the only comparison of this enzyme performed under the same conditions 
with carcinomatous prostate tissue is the report by Gutman and Gutman 
(60). Data by the latter investigators at pH 5.06 are given in Table VI. 
The acid phosphatase in the carcinomatous prostate is definitely but not 
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greatly increased over that of the normal tissue. No data appear to exist 
in relation to the alkaline phosphatase activity of the tumor but Gutman, 
Sproul and Gutman (61) and Woodard (62) have reported that the normal 
prostate contains very little of this enzyme. Of considerable clinical im- 
portance has been the discovery that the serum of patients with dissemin- 
ated carcinoma of the prostate contains large amounts of the acid phos- 
phatase (60). 

Additional information concerning the phosphatase activity of pro- 
static carcinoma has been derived from extensive studies on the sites of 
osteoplastic bone metastases secondary to carcinoma of the prostate gland 
(61). Studies of the lumbar vertebrae and ribs of a patient with dis- 
seminated prostatic cancer revealed high acid phosphatase values, suggest- 
ing that metastatic tumor cells arising from the tumor retain the high 
acid phosphatase activity of the primary cancer. It is necessary, how- 
ever, to attempt to differentiate the activity of the phosphatase in the 
metastasis from that of the proliferating bone. Increased alkaline phos- 
phatase activity is characteristic of growing bone in children and of hyper- 
plastic bone (62) and of the osteoblastic type of osteogenic sarcoma (63). 
The bones which were studied in the case of disseminated prostatic car- 
cinoma had not only a high acid but also a high alkaline phosphatase ac- 
tivity. Since the acid phosphatase of bones is very low in activity, the 
presence of this enzyme at the site of the metastasis betrays the presence of 
prostatic tissue, but the high alkaline phosphatase activity at this site 
must in turn be related in some fashion to the osteoplastic character of the 
prostatic metastasis. It seems indeed curious that determinations of the 
phosphatase activity at pH 9 of the primary carcinoma of the prostate 
have not been reported, for if this value were known it might be possible to 
separate the activity of the skeletal metastasis from that of the proliferat- 
ing bone. It is interesting to consider in this connection the alkaline phos- 
phatase values for the butter-yellow-induced hepatomas in rats (6, 54). 
The normal liver has a very low alkaline phosphatase activity but the hepa- 
toma is extremely active in this enzyme. White and Edwards in a de- 
scription of the pathology of this tumor (6) point out that the presence of 
this enzyme in considerable amount may be associated with the capacity 
for bone formation, and indeed in one of the transplants of this tumor mem- 
branous bone formation was observed. Although the studies on the skele- 
tal metastases of prostatic carcinoma have been highly interesting and 
suggestive, it is unfortunate that only skeletal metastases have been inves- 
tigated. The bone itself, and particularly growing bone, is rich in alkaline 
phosphatase and hence the results on this enzyme at sites of osteoplastic 
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metastases may be confusing. Further studies on the primary carcinoma 
or on metastases to nonosseus tissues low in alkaline phosphatase would go 
far in clearing up the problem. 

7. Osteogenic Sarcoma and Bone 

The chemical composition of bone has made extensive studies of the 
phosphatase mechanism in this tissue inevitable. The role of this enzyme 
in bone formation has been frequently reviewed (64, 65). Studies of the 
phosphatase activity in normal and neoplastic bone have been reported by 
several investigators (61, 62, 63, 66). Most of this work has been done 
with human tissues. Recently, an opportunity has arisen to study a trans- 
plantable osteogenic sarcoma in mice. The data are given in Table VII. 


Table VII 

Osteogenic Sarcoma and Bone 


(Method of Representing Data Similar to that in Table I) 


Enzyme 

Tumor in mice® 

Human Tumor 

Acid phosphatase 

270 (66) 

250-1400 (67) 

Alkaline phosphatase 

262 (66) 

1000^ (63) 



1000-17,400' (63) 



170-128,000 (67) 


“ Transplanted tumors in C3H mice. 

* Osteolytic type. 

* Osteoblastic type. 


Phosphatase (alkaline) has long been known to occur in large quantities 
at sites of ossification in embryos and in children (62, 65). It has been 
suggested that this enzyme hydrolyzed the phosphoric esters in the blood 
to bring about a local increase in the concentration of the phosphate ions, 
thereby leading to excess of the solubility product of the calcium phosphates 
which enter into the structure of bone (68). If phosphatase activity runs 
parallel with osteogenesis, it would be expected that the osteogenic tumors 
would be high in this enzyme, and the data given in Table VII reveal this 
to be indeed the case. It seems quite probable that phosphatase is syn- 
thesized by the osteoblasts. 

The control tissues for the tumors described in'^Table VII were the long 
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bones of adult mice and of humans. If the growing bones of young mice or 
children had been selected for the control tissues, the ratios of tumor to 
control phosphatase would certainly be smaller. Nevertheless, the data 
reveal a marked increase in the bone phosphatase of the tumors, particu- 
larly of the osteoblastic type. The plasma phosphatase in patients with 
bone tumors also tends to increase markedly, and this will be considered in a 
separate section. 

It is of interest to consider the marked similarity in the great increase 
of phosphatase activity in osteogenic sarcoma and in the bones at sites of 
osteoplastic metastases from primary carcinoma of the prostate. It has 
been suggested that certain metastases stimulate the production of alka- 
line phosphatase by osteogenic cells at the site of the metastasis (61). 
Whether the initiation of osteogenesis is a function of the metastatic tu- 
mor cell or whether the latter carries with it all the materials ready-made 
for osteogenesis including a large amount of alkaline phosphatase, can per- 
haps be better answered by study of the primary prostatic carcinoma or 
perhaps by metastases to nonosseus tissues naturally low in alkaline phos- 
phatase. This question has been considered in the previous section. 

8. General Considerations 

.\ survey of the data offered in the foregoing reveals that no simple gen- 
eralization which covers the enzymatic behavior of all or even of any one 
group of tumors emerges at the present time. Such statements as that of 
Edlbacher (69), that all tumors are characterized by a higher arginase con- 
tent than normal tissues, have been based on inadequate material and 
faulty comparison. Little advantage accrues to an over-simplification of 
a problem whose very complexity offers a fertile field of challenge. 

When normal tissue becomes neoplastic certain enzyme systems may 
decrease in activity, others may increase, and still others may not change. 
The direction and order of magnitude of the change may depend on the 
species of animal, the strain in any given species, as well as the kind of 
tumor under consideration. When comparison is made of several tumors 
arising differently in different species and strains from the same kind of 
tissue such as the hepatomas, it is found that these hepatomas in mice may 
for certain enzyme systems be equal in activity, for other enzyme systems 
be equal in each strain biit differ from strain to strain, and for other systems 
differ distinctly from tumor to tumor. Thus arginase and riboflavin be- 
long to the first category; catalase, xanthine dehydrogenase, thymonu- 
cloodeplblymerase, and to a certain extent acid and alkaline phosphatase, 
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to the second category; and amylase to the third category. These rela- 
tions hold for mouse hepatomas. For mammary tumors in mice, not 
only arginase but also catalase and the phosphatases belong to the first 
category. For the lymphomas in mice, arginase belongs to the third 
category. Alkaline phosphatase is highly active in spontaneous mam- 
mary tumors in mice, but is present in negligible amounts in the breast 
carcinoma of humans (63). The normal prostate of man is rich in acid 
phosphatase but most species of animals contain this enzyme in very small 
amount in the prostate gland (70). Tumors in man which are strongly 
osteoplastic cause in general a distinct rise in the acid and alkaline phos- 
phatase of the serum; in rats, however, which bear the butter-yellow-in- 
duced hepatonflf’ containing phenomenal quantities of alkaline phospha- 
tase, the phosphatase activity of the serum is entirely normal (54). 

The behavior of the enzymes in a' tumor in one species may not neces- 
sarily be the sarnie as that of the enzymes in a tumor arising from the same 
kind of tissue in another species. Nevertheless, the picture given by all 
the enzymes in hepatomas, as an example, is more nearly the same in rats 
and in several strains of mice than it is like that given by all the enzymes 
in, say, mammary tumors or in lymphomas. It is necessary in the en- 
zymatic characterization of tissues, whether neoplastic or otherwise, to 
have an enzyme ^^spectrum^' or pattern in view. The study of one enzyme 
is insufficient. Many enzymes must be studied. Only in this way can the 
tissue be uniquely described, and the possible aberrations of individual 
enzyme systems be set against the proper background. A complete assay 
of such enzyme ^‘spectra” in tumors arising from the same tissue in several 
different species is not yet available. 

The range in activity for each of the enzymes so far observed among 
hepatomas, lymphomas, and mammary, gastric and intestinal tumors in 
mice taken all together is much narrower than that for each of the same 
enzymes in the normal tissues of origin of these tumors taken all together. 
In general, the range of enzymatic activity is much greater among normal 
tissues than among tumors. It is as if the tumors approached a common 
metabolic level (30, 66). The leveling effect is obviously due to the fre- 
quent loss in specific function when the normal tissue becomes neoplastic. 
This is most strikingly observed in the tissues above mentioned, when the 
neoplastic change involves the severe decrease in such highly active sys- 
tems as hepatic arginase and catalase, lymphatic depolymerase, and intes- 
tinal alkaline phosphatase, etc. At least for mouse tumors, it would ap- 
pear that enzymically the tumors are more nearly like each other than 
they are like normal tissues or than normal tissues are like each other. 
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III. Comparison of the Activity of Enzymes and Concentration of Cer- 
tain Components of the Tissues of Normal and of Tumor-Bearing Animals 

1 . Tissues Other than Blood or Serum 

The purpose of these studies is to observe whether any effect is elicited 
in the tissues of tumor-bearing animals at sites relatively far removed 
from the tumor. Whatever effect the tumor produces it can only do so in 
either of two ways, (a) by the liberation into the bloodstream of some 
material elaborated by the tumor, or (6) by the abstraction by the tumor of 
some component in the blood stream which is necessary Tor the mainte- 
nance or proper function of the distant tissue. Little or no evidence is 
available at the present time to decide between the alternatives for any 
one base; at the present time it is more important to collect the evidence 
for the presence of systemic effects elicited by tumors and to postpone 
possible explanations and interpretations for future consideration. 

It is also important at the present time, however, to relate the systemic 
effect observed directly with the growth of the tumor so as to avoid the 
possibility that the effects produced may be the result of non-specified 
causes, such as cachexia or toxemia. For this purpose it is necessary 
to use animals in which the tumors are free of ulceration or infection, to ob- 
serve whatever systemic effect is produced at intervals during the growth 
of the tumor and within the period when the animals appear to be healthy 
and vigorous, and finally to study several enzyme systems and other com- 
ponents in the various tissues under consideration. The last-mentioned 
recommendation is strongly urged because, whereas a general toxic con- 
dition may depress the activity of all or most of the enzyme systems of a 
tissue, a specific effect elicited by the tumor may be directed only toward 
certain select catalytic systems. Few studies in the literature meet all 
these criteria; many meet them in part, and the data selected, which rep- 
resent the maximum systemic effect produced, are given in Table VIII. 
Like all the previous tables, the data are given on the basis of assigning a 
value of 100 to the tissue components of the normal animal and giving the 
values of the components of the same tissue in tumor-bearing animals rela- 
tive to this figure. 

Inspection of Table VIII reveals that in many tissues of the tumor- 
bearing animals profound changes from the normal values are apparent in 
certain enzyme systems and other components whereas no changes are ap- 
parent in other systems even in the same tissue. 

Liver. — In rats bearing transplanted hepatomas or Jensen sarcomas or 



f ABLB VIII 


Comparison op ths Activity or Ensymss and Conccntration or Componxnts op the Tissues 
Other than Blood or Serum or Normal and op Tumor-Bearinq Animals" 


Ensyme or component 


Liver 

CaUlase 

10^ 

(71> 


10« 

(72) 


10-40* 

(73) 


6** 

(73) 


26* 

(74) 

Arginase 

60^ 

(10) 


61* 

(75) 


100» 

(10) 


100* 

(76) 

Xanthine dehydrogenase 

100* 

(41) 


100^ 

(52) 

d-Amino acid oxidaseMta 

95* 

(11) 

Ribo&avin 

60* 

(15) 


72* 

(12) 

Cytochrome oxidase 

96* 

(11) 

Vitamin A 

97* 

(79) 

Cathepsin 

12^ 

(80) 


148* 

(76) 


US’" 

(76) 


13U 

(81) 

Qlyoxalase 

100‘ 

(82) 

Thymonucleodcpolymerase 

100* 

(66) 

Nuclease 

100* 

(83) 

Acid phosphatase 

100** 

-’*(54) 

Alkaline phosphatase 

100*'* 

•‘*(54) 

Esterase 

.16* 

(85) 


85" 

(86) 

Lipase 

36* 

(87) 


91" 

(86) 

Phospholipid 

50-72* 

(88) 


85* 

(89) 

Free cholesterol 

61* 

(89) 

Cholesterol esters 

63* 

(89) 

Fatty acids 

57* 

(89) 

Water content 

101* 

(89) 


105* 

(12) 

Copper 

160* 

(36) 


160* 

(36) 


130** 

(36) 


113^ 

(36) 


Tissues of tumor-bearing animals 


Kidney 

Spleen 

Muscle 

Adrenals 

80* (72) 

50** (72) 

20*“ (72) 

















28« (77) 


>100* (78) 










































104» ^81) 

171» (81) 













100* (82) 

100* (82) 
100* (53) 

100*' (82) 



50,000* (83) 

9,000* (84) 

4,000* (84) 

400' (84) 

lOO* *-** (54) 
100* * <* (54) 











100* •*•<*(54) 
100*'*^<*(54) 
66* (85) 

100* •*•<*(54) 
100*^**<*(54) 

















73* (89) 
143* (89) 
161* (89) 
42* (89) 
102* (89) 

87* (89) 
82* (89) 
91* (89) 
47* (89) 
101* (89) 

no* (89) 
87* (89) 
41* (89) 
59* (89) 
102* (89) 

75* (89) 
68* (89) 
10* (89) 
68* (89) 
104* (89) 

84/ (36) 1 

55* (36) 



















" Value for normal tissue is taken as 100, and that of tissue from tumor-bearing animals is given on 
this basis. References are given in parentheses. ^ Rats bearing transplanted hepatoma. * Rats 
bearing transplanted Jensen sarcoma. ^ Mice of various strains bearing the rapidly growing trans- 
planted sarcoma 37 or sarcoma 180. * Mice of various strains bearing transplanted pulmonary, 

gastric, brain, hepatic, melanotic and lymphatic tumors, and spontaneous mammary tumors. ^ C3H 
mice bearing spontaneous mammary tumors. ^ Mice bearing the Ehrlich carcinoma. * Rats bearing 
the transplanted Flexner-Jobling sarcoma. * Rats bearing transplanted Philadelphia sarcoma 1. 
^ Mice of various strains bearing transplanted hepatic tumors. * Non-cancerous portion of liver with 
hepatoma induced by butter-yellow feeding. ^ Humans with gastro-intestinal tumors. Horse with 
melanosarcoma. " Rats bearing the Walker carcinosarcoma. " Mice bearing transplanted sarcomas, 
lymphomas or mammary carcinomas. 


RECENT PROGRESS IN TUMOR ENZYMOLOOY 


337 


in mice bearing various transplanted tumors, the activity of the liver 
catalase is markedly depressed below normal, but the activity of xanthine 
dehydrogenase and of acid and alkaline phosphatase is equal to the normal 
value. The fact that the activity of xanthine dehydrogenase and d-amino 
acid oxidase is normal is of interest because of the lowered value for ribo- 
flavin concentration. Evidently there is still enough of the riboflavin 
present in the liver to account for the normal activity of these two enzymes. 
Certain other components appear to be augmented in the livers of tumor- 
bearing animals and these appear to be cathepsin and copper. The livers 
as well as other tissues of the tumor-bearing animals universally contain a 
somewhat higher water content than do the same tissues in normal animals. 

Certain species differences are apparent, i. e., arginase is decreased in the 
livers of tumor-bearing rats but not in the livers of tumor-bearing mice. 
Certain differences within the species are also apparent, for the hepatic 
esterase and lipase activity of rats bearing the Jensen sarcoma appear to 
be much more depressed in activity than in rats bearing the Walker tumor. 
The relative rate of tumor growth may explain this difference in part. 

The enzyme system most thoroughly studied in the tissues of tumor-bear- 
ing animals has been catalase (72). Nearly invariably, the activity of this 
enzyme in the livers and kidneys of rats and of mice bearing a wide 
variety of tumors is lowered considerably below normal. It is of interest 
to point out that one of the earliest reports on the systemic effect of tumors 
was made by Brahn (90) who observed very low liver catalase values in 
human beings who had died as a result of various forms of cancer. The 
low liver catalase activity in various species of tumor-bearing animals is 
also frequently paralleled by low blood hemoglobin concentrations. Both 
catalase and hemoglobin are proteins which contain the same hematopor- 
phyrin nucleus. There does not appear to be any direct effect of the tumor 
on the liver catalase molecule, for incubation in vitro of the extracts or 
slices of tumors with extracts or slices of liver or with solutions of crystal- 
line catalase does not alter the activity of the catalase in any way (66). 
There is likewise no evidence for the presence of a dissociable inhibitor for 
catalase in the liver of tumor-bearing animals (66). It may be that the 
effect of the tumor on the liver catalase activity is due to an interference 
with the synthesis of the hematoporphyrin nucleus. 

Kidney, Spleen and Adrenals. — Catalase, arginase, esterase and copper 
appear to be considerably reduced below the normal level in the kidneys 
of tumor-bearing animals. On the other hand, free and esterified choles- 
terol are markedly increased. The extent of the drop in the kidney cata- 
lase activity is not so great as in the liver and thus in most tumor-bearing 
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animals the kidney catalase activity is much greater, per gram of tissue 
than the liver catalase — a unique condition. 

The catheptic activity of the spleen, like that of the liver, appears to be 
definitely increased in tumor-bearing animals. This tissue frequently hy- 
pertrophies in tumor-bearing animals. Other enzymes are little affected. 

The content of various fats is lowered considerably below the normal 
in the adrenal glands of tumor-bearing rats. 

Muscle, — A remarkable finding is reported concerning the practical 
induction of nuclease activity in the striated muscle of tumor-bearing rats 
aAd mice (83, 84). This enzyme, the activity of which is followed by the 
splitting of pho^horic acid from thymonucleic or ribosenuclQic acid, is 
either absent or present in negligible amounts in the muscles of normal 
animals. The extent of its appearance in the muscles of the tumor-bear- 
ing animals is unusual. The original observations of Edlbacher and 
Kutscher (83) were confi^fned and extended by Wienbeck (84) in another 
laboratory. Further extensions of this observation are clearly desirable. 

A definite increase in the arginase activity of the muscles of tumor-bear- 
ing animals has also been reported (78). The data in the original paper are, 
however, too sketchy to discuss in detail. 

Relation of the Growth Rate of the Tumor to the Systemic Effect. — If 
the tumor is directly or indirectly responsible for producing an effect on 
a distant tissue of the tumor-bearing animal it might be expected that 
this effect would increase in intensity with progressive growth of the 
tumor. A few of the investigations into the study of the systemic effect 
have considered this possibility. Edlbacher and Kutscher (83) pointed 
out that the degree of induction of nuclease activity in the muscle tissue 
of tumor-bearing animals was proportional to the growth rate of the tumor. 
Fujiwara (77), Green (85) and others (72, 91) made similar observations 
for other enzyme systems in other tissues in tumor-bearing animals. 
Greenstein and Andervont (73) observed that sarcoma 37 cutaneously 
inoculated into Y, C and dilute brown mice grew rapidly and that the liver 
catalase activity of these animals dropped rapidly during growth of the 
tumor and at about the same rate in each strain. When the same tumor 
was inoculated subcutaneously into the tails of mice of these strains, it 
grew in all strains at about half the rate that it did when cutaneously im- 
planted, and the rate of fall of the liver catalase activity was roughly half 
that observed in animals with tumors implanted in the latter manner. 
It has been emphasized recently (72) that the degree of the systemic effect 
observed has no meaning unless the corresponding weight and age of the 
tumor is known. In any event, all observations indicate that the systemic 
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effects elicited by the tumor run generally parallel in degree with the 
growth of the tumor. This is an important fact. For one thing; the 
available evidence indicates that the systemic effect changes in degree but 
not in kind during growth of the tumor, and hence the property of the tumor 
which is responsible for the systemic effect changes quantitatively but not 
qualitatively with growth of the tumor. The tumor at least as far as this 
property is concerned remains constant during its existence. 

When a tumor grows extremely slowly it is oftfen unlikely that a systemic 
effect will be evident. This has been observed in the case of certain slow- 
growing mouse tumors (73). It is possible that in the tumor-bearing ani- 
mals a competition exists between the rate of the systemic effect produced 
in a tissue by the presence of a distant tumor and the rate of repair by that 
tissue. In the case of animals with rapidly growing tumors the former rate 
predominates and, conversely, the latter rate might predominate in the case 
of animals with the very slow-growing tumors. 

Finally, it is possible that even in animals bearing rapidly growing tu- 
mors some systemic effect may be absent. This has been observed in the 
case of C57 black mice bearing sarcoma 37 (73). In this strain the en- 
zymatic activity of the livers of the normal animals is much below that of 
the livers of many other mouse strains and this may be an explanation for 
the anomalous behavior. The enzymatic activity of the tissues of dif- 
ferent strains of normal mice may vary considerably, and it is evident that 
this factor must be taken into account. The normal base level of activity 
of the tissue enzymes of available strains must be known and used as a 
frame of reference fOr any work in this topic. 

Reversibility of the Systemic Effect. — If the presence of the tumor is 
directly responsible for the systemic effect produced in distant tissues 
of the tumor-bearing animal, it might be expected that complete removal 
of the tumor from the latter would result in the disappearance of the sys- 
temic effect and in the restoration of the distant tissue to its normal con- 
dition. This expectation has been fulfilled (71, 73). For permanent res- 
toration the absence of metastases is taken for granted. 

The catalase activity of the livers of rats bearing the transplanted he- 
patoma 31 is very much lower fhan that of the livers of normal rats (71). 
This tumor is encapsulated and readily removed from the animal when the 
latter is under ether anaesthesia. Within 48 hours following such an opera- 
tion the liver of the operated animal has a normal catalase value. If a 
new tumor is implanted into the same animal the liver catalase activity 
again decreases, and again is restored to normal by a second operative re- 
moval of the tumor. 
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The catalase activity of the livers of C, Yi and dilute brown mice all 
bearing the intracutaneously transplanted sarcoma 37 is very much lower 
than that of the livers of the normal animals (73). Under those condi- 
tions of growth the tumor cannot be completely removed from the animal 
for it readily invades the surrounding tissues. Incomplete removal of the 
tumor from these animals causes a temporary rise in the liver catalase ac- 
tivity which is roughly proportional to the amount of tumor removed, and 
which quickly drops again as the tumor continues to grow. In order to re- 
move the tumor completely from the mice, recourse was made to a techni- 
que developed by Andervont for immunity studies (92). Sarcoma 37 
may be implanted in the tails of mice where it grows at a somewhat slower 
rate than it doef%i the abdominal skin. The drop in the liver datalase ac- 
tivity of the animals with the growth of such caudal implants is also pro- 
portionately slower. When the tails are amputated the tumors are com- 
pletely removed from the-animal. Within three days of this operation the 
liver catalase activity of the mice is restored to the normal level which is 
maintained thereafter (73). 

Physical removal of the tumor is not the only evidence for the reversi- 
bility of the systemic effect. The transplanted sarcoma 37 grows pro- 
gressively in I strain mice for about two to three weeks after implantation 
when it starts to regress spontaneously and after about five to six weeks it 
disappears completely. The liver catalase activity of I strain mice bear- 
ing this tumor drops with growth of the tumor and then rises with regres- 
sion until it reaches the normal level again with disappearance of the tumor 
(73). This case provides a cogent illustration of the necessity of studying 
systemic effects in animals bearing progressively growing tumors. 

The reversibility of systemic effects elicited in human serum by the 
presence of tumors has often been demonstrated following removal of the 
tumors. These cases will be reviewed below in the section on serum. 

I 

2. Blood and Serum 

That marked and distinct changes in the character of the blood plasma as a result of 
cancerous growth might serve as a practical diagnostic test was early recognized by 
clinical workers in the field. Particularly in the case of suspected tumors in difficultly 
accessible sites, the blood might serve as a window through which the progressive de- 
velopment of the disease or its treatment could be made visible. 

Recent types of serochemical diagnosis appear to be the result of an over-ready accep- 
tance of the Kdgl hypothesis concerning the presence of the unnatural d-amino acid 
optical isomers in tumors. The assumption was that if these isomers existed in peptide 
combination in the tumor there must be peptidases present in the tumor capable of 
catalyzing the hydrolysis of such peptides; during development of the tumor some of 
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these enzymes would presumably *‘leak'* into the blood stream. The results collected 
have been highly indecisive; the data for the most part have been summarized by Maver, 
Johnson and Thompson (93) who questioned the specificity of the method. It has long 
been known that many normal tissues are capable of splitting peptides involving the 
unnatural amino acid isomers (94). Furthermore, one may perhaps doubt the evidence 
which rests upon the practice of conducting digestions at an elevated temperature of 
crude serum for the length of time (2-5 days) apparently needed in order to observe such 
reactions that have been reported. Finally, with the discrediting of the Kogl hypothesis 
any basis for the postulated serum reaction vanished. 

To the reader who has studied the vast literature of cancer serochemistry, 
the subject has appeared to be more a sequence of psychological than 
chemical phenomena. The urgency of the immediate task has perhaps 
been the frequent cause of confusion. Perhaps the advisable approach 
would be not to insist at the very start that a rigorous, practical and spe- 
cific test for malignancy be established, but that the readily observed 
changes in the blood or sera of tumor-bearing individuals be more closely 
examined, even if such changes appear to occur in conditions other than 
cancer. On further closer scrutiny such changes in the cancerous indi- 
vidual might be distinguished from those occurring in the noncancerous 
individual. Even in those cases in which this may turn out to be unsuc- 
cessful such information has an independent interest of its own. There 
has, therefore, been selected for discussion in this section that evidence 
which appears to the reviewer to be sufficiently authentic to illustrate 
systemic effects elicited in the blood of the tumor-bearing host. These 
are (a) a progressive depression in the blood hemoglobin level of many 
species of animals during the growth of many kinds of tumors, (5) a marked 
decrease in the serum esterase and lipase activity as a result of tumor 
growth in different species, and (c) the marked rise in serum phosphatase 
activity, particularly acid phosphatase, in prostatic carcinoma in man. 
Only the latter appears to be specific for cancer, but all three are closely 
associated with the growth of tumors. 

Blood Hemoglobin. — Many investigators have pointed out that anemia 
generally accompanies cancer. The pertinent literature has been sum- 
marized by Taylor and Pollack (95). The anemic condition appears to 
be brought about in many species of animals bearing many types of malig- 
nant growths. Reliable evidence that there is a direct relation between 
the hemoglobin level and the course of growth of implanted as well as in- 
duced tumors in animals has been reported by Taylor and Pollack (95). 
The hemoglobin level decreased progressively to very low levels during the 
period of growth of the implanted tumor, during the precancerous stage in 
animals treated with carcinogens and during the growth of the induced 
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tumor. Strong (96) showed that the hemoglobin level of mice of high 
spontaneous tumor incidence falls off markedly even before the tumorous 
growth appears, in contrast to strains of low incidence in which this effect 
docs not appear. It is suggestive, as mentioned previously in this review, 
that one of the most marked systemic effects produced in the tissue of the 
tumor-bearing animals, and one, which like the hemoglobin lowering, ap- 
pears to occur in all species studied, is the lowering of catalase activity. 
Hemoglobin and catalase contain the same prosthetic group, the hema- 
toporphyrin nucleus, and it may be that the presence of the tumor inter- 
feres in some manner with the synthesis of this nucleus. Such possible 
interference by the tumor is, however, not equally distributed in all tissues; 
the liver catalase activity of tumor-bearing animals is depressed in extent 
much more than is the kidhcy catalase — the blood catalase is very little 
affected (72). It illustrates the relative independence of catalase and of 
hemoglobin within the pi^throcyte and suggests the possibility that these 
two components enter the red cell from different sites. 

Blood and Serum Esterase and Lipase. — Several independent investi- 
gators have clearly demonstrated that the activity of blood and serum 
lipase and esterase in tumor-bearing animals progressively decreases to 
quite low levels during growth of the tumor (85-87, 97-100). In rats with 
implanted tumors the activity may be reduced from a half to one-quarter of 
the normal activity, and the change begins at an early stage of the tumor 
growth. In animals in which the tumor begins to regress spontaneously 
the seruni lipase activity rises and when the tumor has disappeared the en- 
zyme activity reaches the normal level (85). The parallel behavior of the 
scrum lipase and tumor growth or regression is good proof that the extent 
of the enzyme activity is closely associated with the cancerous state of the 
host animal. It may be ’pointed out that in the tumor-bearing animals 
the esterase activity of other tissues such as the liver and kidney is consid- 
erably lower than normal (Table VIII). 

Serum Phosphatase. — Kay pointed out in 1930 (101) that the plasma 
phosphatase (at pH 7.G) was considerably elevated above normal in 
generalized diseases of bone. The rise in plasma phosphatase activity 
appears to be a reflection of the tendency to bone formation and thus oc- 
curs normally in growing children as well as in such diseases as rickets, hy- 
perparathyroidism and osteogenic sarcoma whose only relation with each 
other consists in the fact that the host is attempting to repair or is growing 
bone. In the case of carcinoma of various tissues which involve osteo- 
plastic metastases the alkaline phosphatase activity in the blood is also 
considerably elevated (61, 63, 102). Woodard and Graver (103) have 
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pointed out that the activity of the serum phosphatase is frequently high 
in lymphoid diseases long before bone changes become evident, and they 
suggest that the latter may occur more frequently in this group of dis- 
(^ases than formerly suspected. It seems clear at the present time that an 
elevation in the serum alkaline phosphatase activity, in the absence of 
jaundice^ is evidence for the presence of osteoblastic activity in the host 
brought about by a variety of conditions. It remains true, however, that 
the highest values reported as a result of any one of these conditions occurs 
in cases of osteogenic sarcoma (63, 104). Removal of the osteogenic sar- 
coma by operation is followed by a drop of the plasma phosphatase to.the 
normal level and recurrence of the tumor is again followed by a second rise 
(63). The effect of the tumor is thus a reversible one and similar to the 
experimental studies on the hepatomas in the section above on “Reversi- 
bility of the Systemic Effect.’^ 

Phosphatase activity in all tissues studied possesses two maxima at 
different pH levels, one at about a pH of 9 and the other at about a pH of 
5. Perlmann and Ferry (105) have recently adduced evidence that the 
activity demonstrated at each of these levels is due to a separate enzyme. 
The normal prostate gland in man is rch in the acid phosphatase (59, 60). 
In primary carcinoma of the prostate with osteoplastic skeletal meta- 
stases the Gutmans (60) found not only an elevated alkaline but also an 
elevated acid serum phosphatase. This was an important observation for 
it enabled the clinician to differentiate the general osteoplastic character 
of the high serum alkaline phosphatase from the high acid serum phospha- 
tase which appears to be specific for prostatic carcinoma (61, 106). The 
observation of the Gutmans has been amply confirmed by many subs(iquent 
investigators (107-112, 62). Indeed the level of acid scrum phosphatase 
has with some confidence been used as a prognostic sign during the course 
of the disease. In general the higher this value the more unfavorable the 
prognosis has been found to be. 

In prostatic cancer with marked elevation of the serum acid phosphatase, 
Huggins and Hodges (109) found that castration or injection of large 
amounts of estrogen produced in general a sharp reduction of this enzyme 
to or toward the normal range. Cession of administration of stilbestrol 
was followed by a rise in the enzyme activity and subsequent administra- 
tion was again followed by a return to the normal level. In most cases 
castration or administration of stilbestrol was followed by clinical improve- 
ment (111). The serum acid phosphatase level is thus associated with the 
growth of the tumor and thus agrees with the other systemic effects de-‘ 
scribed, such as the changes in liver catalase, blood hemoglobin and serum 
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lipase. In the case' of the prostatic carcinoma, however, the relation be- 
tween the tumor and the enzyme may be mediated by hormone control. 
The activity of the prostatic tissue as reflected by the rise of the acid serum 
phosphatase apparently depends in part upon the degree of androgenic 
hormone activity. This enzyme will thus vary according to the an- 
drogen control of the prostatic epithelium. The changes in the alkaline 
serum phosphatase activity bear little relation to the changes in the acid 
phosphatase since the former is apparently due only to the level of osteo- 
blastic cells. Such changes as occur in the alkaline serum phosphatase 
will be of a secondary nature only. If the carcinomatous prostatic epi- 
thelium is inhibited by estrogens it might be expected that it would be ac- 
tivated by androgen injections, and this is indeed the case, e. rise in tne 
serum acid phosphatase above the pre-injection level was observed (109). 
Bilateral orchidectomy in dogs resulted in no change in the level of the 
serum phosphatases. * 

Attempts to influence the acid phosphatase activity of the prostate gland^’ 
of both mature and immature rats by injection of various sex hormones 
were unsuccessful (70). However, further studies in experimental animals 
of the hormonal control of tumors of the sexual and accessory tissues 
await the production of such tumors in animals of appropriate strains. 
Such techniques as described by Shimkin, Grady and Andervont (113) 
offer much promise in this direction. 

3. General Considerations 

The marked changes from the normal values of the tissue components 
in tumor-bearing animals have been described as systemic effects elicited 
by the presence of the tumor. The fundamental criterion on which these 
effects rest may be expressed as follows: the effect must be progressive 
with the growth of the tumor, increasing as the tumor grows and decreas- 
ing if the tumor regresses or is operatively removed. According to this 
criterion the effect is directly related to the existence of the tumor, but so 
far we have little evidence as to whether such an effect is specifically related 
to the tumor. Nevertheless, the fact that pronounced effects occur in 
tissues relatively far removed from the site of the tumor lends weight to the 
contemporary viewpoint that cancer is not a local but a generalized disease. 

Many other pathological states of the animal are recognized by systemic 
effects which rise in intensity with the progress of the disease and subside 
with its fall, e. gr., diabetes, certain psychotic states, thyroidism, etc. In 
this respect cancer is not a unique disease. But just as the effects elicited 
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by diabetes may be distinguished from those observed in pituitary disease, 
so it might be possible to relate specifically certain systemic effects in the 
tumor-bearing animal to the growth of the tumor. Whatever success has 
attended the former observations has been due largely to the ability to link 
the effects noted with the physiology of the affected tissue. We know very 
little of the physiology of tumors in general. The decrease in activity of 
catalase and esterase and the increase of phosphatase and nuclease in the 
tissue of tumor-bearing animals may or may not be related to each other. 
If more were known about the metabolism of the tumor the bearing of these 
phenomena on the growth of the tumor might be explicable. The study 
of systemic enzymatic effects elicited in the tumor-bearing animal by the 
presence of the tumor constitutes an indirect approach to the cancer prob- 
lem in contrast with the direct approach offered by the study of the tumor 
itself. Each approach supplements the other and both are necessary for 
the elucidation of this complex problem. 
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are induced by bacteria, it is evident that microorganisms are of vital impor- 
tance in wine making. The clearing of wine is dependent on pectic enzymes 
and certain changes in color and flavor are often caused or accelerated by 
oxidat ive enzymes; hence, enzymes also are of significance in this industry. 

1. Yeasts 

Wine differs from grap(‘ must (juice) principally in the fact that the 
sugars of the must have bcKui converted into C 2 H.^()H, (X )2 and small 
amounts of certain ))y-i)roducts of alcoholic fermentation, such as acetic 
acid, acetald('hyd(', sf'veral esters, glyc(‘rin, lactic acid and succinic acid. 
Until F^asteur'j^vork and publications on the microbiology of wine (63), 



Fig. 1. — A California winery and hillside vineyard. 


the nature of alcoholic; fermentation was misunderstood, it being a common 
assumption that the process was nonbiological in nature, or that the yeast 
always found in fermcaiting musts developed by spontaneous generation. 
Past(‘ur |)roved that alcoholic fermentation is a biological process induced 
by yeast and that yeasts do not develop spontaneously out of ^Thin air.” 
There must bc' living yeast (*('lls present in the must and from these the 
yeasts causing the fermentation grow. 

It is not possible in the space available in this review to discuss the yeasts 
of grapes and wine except in a very sketchy manner. Fortunately, there 
are excellent t r(‘atises on the yeasts, such as those of Lodder (49), Stelling- 
Dekker (76), Jorgensen (39), Guillermond (Tanner) (32), Henrici (34), 
Ventre (82), Lafar (47) and others; and many books and papers on the 
physiology of yeasts and the nature of alcoholic fermentation, such as those 
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of Harden (33), Kahn (71) and others. We shall attempt to summarize 
some of the more important. 

1. Sequence of Microorganisms in Musts and Wine 

If no measures are taken to favor one group of microorganisms over an- 
other, the following events usually take place in grape must. 

During about the first 24 hours at room temperature, the so-called wild 
yeasts, particularly the apiculate yeasts, multiply rapidly and initiate a 



Fig. 2, — Delivering grapes to a California winery. 


feeble fermentation; other yeasts of. feeble fermenting power such as Pichia, 
Klockera and Candida are also often pn'sent. Within 48 hours these wild 
yeasts have been displaced, usually by the tru(i wine yeast, Saccharomyces 
ellipsoideus (which Mrak and others now pr(‘fer to term Sacch. cerevisiae var. 
ellipsoideus, but which this writer still prefers to designate as Sacch. ellip- 
soideus owing to th(i long use of this t('rm and the marked differences in 
alcohol-forming power of typical Sacch. cerevisiae and Sacch. ellipsoideus) . 
For the ensuing three to four weeks, Sacch. ellipsoideus dominates the situa- 
tion and under favorable conditions will reduce the sugar content from an 
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original concentration of 15-23 per cent to less than 0.20 per cent with 
corresponding production of ethyl alcohol and CO 2 . 

If unmolested there will often develop during yeast fermentation one or 
more strains of Lactobacillus, particularly L. mannitopoeus, L. gracilis or L. 
hilgardii. Also these or other lactobacilli may develop soon after alcoholic 
fermentation. If left exposed to the air, Acetohacter next '‘takes over” 
and converts alcohol to acetic acid and H 2 O, and transforms the wine into 
vinegar. We hear much complaint from alleged wine connoisseurs that 
control of fermentation is very reprehensible and that one should allow 
Nature to conduct the fermentation and age the wine. Dame Nature’s 
principal aim in^iis case, however, is to make vinegar, and to be consistent 
the wine connoisseur should drink vinegar, not wine! Control is essential 
in the making of a potable beverage from wine, die-hard connoisseurs and 
hypocritical supporters of '^natural wines” (whatever they may be) to the 
contrary notwithstanding’! This writer has little patience with such posers 
of wine lore and romance. 

If left indefinitely exposed to the air, the acetic bacteria will eventually 
attack and destroy the acetic acid. Then follow molds, and putrefactive 
bacteria which finally convert most of the remaining organic matter into 
inorganic compounds of nitrogen and into CO 2 and H 2 O thus completing 
the carbon and nitrogen cycles. 

The responsibility of the enologist and wine maker is to so control condi- 
tions that only the triu* wine yeast is permitted to function and the growth 
and activit ^ of all other microorganisms (with one possible exception) are 
prevented. The “one possible exception” is the growth and activity of the 
malic acid destroying Micrococcus species in certain highly acid wines such 
as those of Switzerland and Germany in which M. acidovorax and others 
destroy the excess malic acid of the new wine and thus render it potable. 
Most of the important cellar operations in wine making have for their ob- 
ject the control of microorganisms. 

Yeasts Found on Grapes 

Pasteur (63) showed that the skins of grapes carry considerable numbers 
of yeasts and wine disease organisms. Ventre (82) states that during the 
initial stages of fermentation, apiculate yeasts and “ Pastorianus” yeasts 
are active, followed soon by Sacch. ellipsoideus, and that the three groups 
are readily distinguishable by microscopical appearance. Mrak and 
McClung (536), however, indicate that classification on such a basis is not 
possible and that cultural characteristics including spore formation and 
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fermentation of various sugars are essential to safe classification. On the 
other hand, Ventre and other European enologists are probably dealing in 
generalities when they make such a statement and are using the terms 
Sacch. ellipsoideus, Pastorianus, Apiculatus, Torula and My coderma in the 
older sense of general names for ill-defined groups of yeasts. 

According to Bioletti, Saccharomyceis ellipsoideus is the most common 
true yeast and Apiculatus the most common pseudo yeasP^ occurring on 
grapes. Bioletti and Cruess (7) described briefly Sacch. ellipsoideus, 



Fig. 3 , — Hansenula Anomala, variety 
spherica. Found on grapes. Note hat- 
shaped spores. 


Apiculatus and several film-forming yeasts isolated from California grapes 
and wines. Cruess (14) isolated many cultures of yeasts from grapes and 
fermenting musts and described Sacch. ellipsoideus, Sacch. pastorianus, 
Willia anornalus, Sacch. apiculatus. My coderma sp. and Torula sp,. These 
generic names were in many cases not in conformity with modern termin- 
ology and, therefore, the later nomenclature and methods of classification 
of Mrak and McClung (based on Lodder, Stelling-Dekker and other yeast 
taxonomists) should be followed. Nevertheless, much of the data re- 
ported at that time is of interest and useful to enologists. 
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For example, it was found that the numbers and character of the micro- 
organisms present on grapes varied greatly according to the maturity of the 
grapes. Samples were collected aseptically, crushed aseptically, plated on 
grape must agar and counted. 

On the hard green grapes, molds predominated ranging from about 100 
to about 1,000,000 spores per cc. of juice, wild yeasts less than 10 per 
cc. Siiid Sacch. ellipsoideus '‘none'' {i. c., alcoholic fermentation failed to 
develop in 300-cc. portions of crushed grapes and no Sacch. ellipsoideus 



Fig. 4 . — Saccharornycodes ludwigii: is found 
on grapes. Note spores. 


appeared on plates). When the grapes had begun to color, but were still 
immature, molds still predominated at about 1,000,000 cells per cc. and 
wild yeasts had increased to about 175,000 per cc. Ripe grapes from these 
same vines showed about 190 to 22,000 mold spores per cc. of juice, wild 
yeasts about 3000 to 26,000 per cc. and Sacch. ellipsoideus less than 1 per 
cc., nevertheless present. 

On nine samples of grapes as received at the winery, mold spores ranged 
from 1300 to 9,200,000 per cc., apiculate yeasts 28,000 to 7,341,000 per cc. 
other wild yeasts 2000 to 8,440,000 per cc. and Sacch. ellipsoideus 
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less than 1 to about 500,000 per cc. A few vinegar bacteria were found in 
some samples. 

These and other observations indicate that wine grapes ordinarily arrive 
at the cellar hc^avily contaminated with molds and wild yeasts, but only 
lightly seeded with Sacch. ellipsoideus, the triu' wine yeast. The}^ 
also indicate the advisability of using starters of pure wine yeast and of 
eliminating or controlling the activities of wild yeasts and molds. Cruess 
(13, 14, 17) and others have demonstrated that the addition of 100"200 



Fig. 5 . — Caruiida Species. Is found on 
grapes. Note pseudoiny(;elium. 

p.p.m.of S ()2 to the crushed grapes or must will effectively inhibit the growth 
of molds, wild yeasts and bacteria, but allow growth and fermentation by 
Sacch. ellipsoideus; use of S ()2 is now a practically universal cellar practice 
in all wine-making regions of the world. 

Mrak and McClung (535) conducted several years’ study of yeasts oc- 
curring on ('alifornia grapes and classified the isolated pure cultures much 
more specifically than had- Cruess and other previous investigators. In 
brief, they isolated and purified 241 cultures from grapes from several lo- 
calities of the state and on the basis of morphology, cultural characteristics 
and fermentation properties on various sugars classified them as follows: 
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Saccharomyces (chiefly Sacch. cerevisiae var. ellipsoideus) ^ 118 cultures; 
Zygosaccharomycesj 13 cultures; Hanseniaspora, 11 cultures; Klockeria- 
npora, 1 culture; Pichia, 6 cultures; Debaromyces, 3; Hanse7mla, 4; Zygo- 
pichia, 2; Torulosporaj 1; TorulopsiSy 25; Mycodenna, 6; Kloeckera, 16; 
Rhodolorula, 6; Schizoblastosporion, 1 culture, and Candida^ 26 cultures. 
They indicate that their data agree reasonably well with those of certain 
European investigators, namely De Rossi (24), Castelli (9) and Verona and 
Luchetti (81). No definite correlation between the distribution of any 
genera or species with a particular district was oV)served. Holm (37), 
however, found no Sacch. ellipsoideus on grapes grown in a new district in 
Tulare ( -ount^California, where wines had newer been made. Mrak and 
McClung were able to allocate most of their (‘ultures to previously named 
genera and species, although they described several new s})ecies, namely, 
Torulopms calif ornicus, Torulopsis fermentans and Asporornyces uvae. 
41iey made no quantitative determinations of the number of cells of the 
various yeast species present on the grapes. 

3. Use of Pure Cultures 

Most (‘iiologists such as Ventn^ (82), Bioletti and Cruess (7), Bioletti (6), 
(Tuess (13, 17), Pacottet (62), Theron and Niehaus (77), Mtiller-Thurgau 
and Osterwalder (55), Amerine and Joslyn (1) and many others recommend 
the use of pure culturr-s of s('l(‘et(Hl wine yeasts in the fermentation of grape 
musts in order to secure sound fermentations and win(\s of uniformly good 
quality. 

Important as the use of pure yeast starters is in wine making, it is not as 
important as the elimination or inhibition of undesirable yeasts and bacteria 
by use of S() 2 , pasteurization and other means, because there are always 
present on grapes under commercial conditions sufficient numbers of Sacch. 
ellipsoideus to develop a normal fermentation and produce a wine of good 
quality provided spoilage organisms are held in check by S ()2 or other ef- 
fective nutans. 

Nevertheless, some strains of Sacch. ellipsoideus do exert a marked effect 
on flavor and bouquet of wines. In unpublished experiments the writer 
and D. Guadagni found that among more than 200 pure cultures of Sac- 
charomyces ellipsoideus from California grapes, only a few (5 or 6 cultures) 
markedly affected the flavor and bouquet favorably in comparison with 
the average “run of the miir’ Sacch. ellipsoideus. Among the stock cul- 
tures from the American Type Culture Collection, Pacottet, Geisenheim and 
Switzerland in our collection, several yeasts from Germany and Switzerland 
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gave the most pleasing flavors and bouquets in fermented musts. A fine 
Chablis-like flavor and bouquet was produced by these and several Cali- 
fornia yeasts in grape must of neutral flavor. 

Therefore, the writer is convinced that it is possible to improve the qual- 
ity of wine by use of yeasts s(ilected to produce superior flavor and bouquet. 

The preparation and application of pure yeast starters is fully described 
by Amerine and Joslyn (1) in University of California Agriculture Experi- 
ment Station Bulletin 639, obtainable from the Publications Office, Agri- 
culture Experiment Station, Berkeley, California. 

4. The Role of SO^i 

In a subsequent section (on the lactobacilli of wine) is presented briefly 
the results of observations under commendal conditions of the application 
of SO ‘2 and of S ()2 and pure yeast in wine fernK'iitations. In brief, the SO 2 
(100“20() p. p. rn. added before fermentation) gave wines of low volatile acid 
content, compk^tely fermented to very low sugar content, and free or prac- 
tically free of wine disease organisms. Wines in which SO 2 was not used 
were in most cases high in volatile acid, highly contaminated with wine dis- 
ease organisms, high in unferrnented sugar, and for these reasons very un- 
sound and unstable. Many were unmerchantable because of spoilage by 
lactobacilli notably by L. hilgardii. 

Porchet (68) and Osterwader (60) report that Sacch. ellipsoideus can be 
acclimated to relatively high concentrations of SO 2 . 

5. Effect of Temperature 

Like other organisms Sacch. ellipsoideus exhibits temperature minima, 
maxima and optima for growth and fermentation. Much research has 
been done on this factor. Enologists agree that wines fermented at high 
temperatures, 30-40° C., are of poorer flavor and bouquet than those 
fermented at more favorable temperatures for quality such as 15° C. to 
25° C. 

At temperatures above 35° C. the fermentations are apt to “ stick, 
cease with considerable unfermented sugar remaining. At temperatures 
below 10° C. fermentation is very slow and may also ‘^stick.’’ 

Wines that stick at elevated temperatures are apt to be very unsound 
and often develop bacterial spoilage later in storage. 

During industrial fermentation of grape must, much heat is liberated by 
the conversion of sugars to C 2 H 6 OH and CO 2 and the temperature if un- 
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controlled may rise to 35-40° C. and the fermentation will ^‘stick/^ Hence, 
it is customary to cool artificially the must during fermentation. 

Hohl and Cruess (35), using syruped fermentations found that Sacch. 
ellipsoideusj so-called Champagne strain, formed at 7° C. 16.45% alcohol 
by volume, at 10° C. 16.4%, at 16° C. 16.65%, at 20-22° C. 16.5%, 



Fig. 6 . — Zygosaccharomy codes sp., show- 
ing vSiwres and conjugation. Note spores. 
(Photographs of Figs. 3-6 by II. J. Phaff.) 


at 25° C. 13.9%, at 28° C. 13.3%, at 31° C. 12.2%, at 34° C. 8.6% 
and at 37° C. 6.35%. Miiller-Thurgau has reported similar data. 

Osterwalder (61) and Porchet (67) report on yeasts adapted to fermenta- 
tion at low temperatures near 0° C. for use in Swiss wine cellars. 

6. Effect of Acetic Acid on Yeast 

Acetic acid is toxic to yeast even in relatively low concentrations. 
Cruess and Hascal (19) found that 0.30 gm. of acetic acid per lOO cc. 
greatly retarded yeast growth and activity and 1.0% completely 
prevented growth of Sacch. ellipsoideus. However, Cruess and Gililland 
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(unpublished data) find that some yeasts grow in pickles and on pickle 
brines at 1% acetic acid. See also Cruess, Richert and Irish (21) in which 
it is reported that the toxicity of acetates varies inversely with the pH 
value, the lower the pH value the more toxic to yeast is the acetic acid. 
Evidently the undissociated acid is the toxic agent. Porchet (69) has re- 
corded observations on the effect of aeetic acid on fermentation. 

7. Alcohol-Forming Ability 

By normal fermentation of grape must of high sugar content it has been 
usually assumed that Sacch. ellipmideus will form a maximum of 
about 16% of alcohol by volume. Cruess (14), reported a maximum al- 
cohol production of 15.6% by several strains of Sacch. ellipsoideus from 
C'alifornia grapes. Hohl and Cruess (36), however, (aicountered consid- 
erably higher alcohol-forming power among twelve strains of Saccharomy- 
ces and Torulopsis isolated from Spanish Shcirry and French Arbois wine 
films. The alcohol attaimxl by these yeasts in 30° Brix must ranged from 
15.6 to 18% alcohol by volume. Sannino (72) gives the usual maximum 
at 16.0-16.5% by volume. 

In other experiments made in this laboratory (unpublished data) the 
laboratory's Burgundy and Cdiarnpagne strains of Sacch. ellipsoideus have 
rarely produced above 16% alcohol by normal fermentation. By syruped 
fermentation they have attained 18% or more . (See next section.) 

8. Syruped Fermentation 

Fortified or so-called dessert wines are fortified with high proof brandy 
to 20-21% alcohol. A tax must be paid on the alcohol used and the added 
alcohol markedly dilutes the flavor of the wine. In 1916 Cruess, Brown 
and Flossfeder (18) reported on a new method of producing wines of high 
alcohol content in which grape concentrate of about 70° Brix is added re- 
peatedly in small amounts toward the end of fermentation. By this 
method wines of 18-20% alcohol were obtained. The so-called Burgundy 
yeast strain was used. 

Hohl and Cruess (35) obtained by similar means wines of 17.06 to 18.05% 
alcohol. Grape concentrate proved superior to cane sugar and dextrose 
for these additions, consequently it would appear that the grape concen- 
trate in some manner stimulates the yeast to high alcohol production. 
However, pure ascorbic acid and pure thiamin chloride failed to cause a 
similar effect. 



360 


W. V. CRUESS 


More recently, using thoir Spanish Sherry and French Arbois yeasts, 
Hohl and Cruess (36) produced wines of 17.6-19.0% alcohol by syruped 
fermentation. 

In a commercial experiment with 4000 gallons of must, there was ob- 
tained by syruped fermentation nearly 18% alcohol (Ouess unpublished 
data, 1936). 

It is believed that this method has commercial possibilities as it produces 


Fig. 7. — Pasteur’s My coderma vinL 



wines of richer flavor than those obtained by the usual fortification-with- 
brandy procedure. 


9. Sherry and Arhois Film Yeast 

Pasteur (63) many years ago observed that the film yeast which de- 
veloped on the surface of wine in purposely partially filled casks in the 
Arbois district (Chateau Chalon, etc.) aided in producing the characteristic 
“yellow wines'' (“vin jeaune") of that district. He called the yeast Myco- 
derma vini. 

In Jerez de la Frontera, Spanish sherries are aged under a similar yeast 
film, long assumed to be Mycoderma vini. The Spanish call it “fior" 
(flower) and the process is called flowering in France and Spain. 

Acetaldehyde and esters are formed and the wine acquires a very char- 
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acteristic, rather pungent bouquet and flavor with a slightly bitter after- 
taste. 

Often, however, Acetohacter (Pasteur’s Mycoderma aceti) gains the upper 
hand and converts the wine into vinegar. 

Prostdosscrdow and Afrikian (70) (reference through Schanderl) evi- 
dently were the first to show that some of the yeasts from Jerez wine films 
form spores and form high alcohol content in musts and should, therefore, 
be classified not as Mycoderma since the latter forms no alcohol. Schan- 
derl (73) studied the Jerez yeasts further, also finding that the film stage 
developed normally in pure cultures after these yeasts had fermented the 
sugar of the must; also that they formed spores, and closely resembled 
Sacch. ellipsoideus. 

Hohl and Cruess (36), as previously indicated, studied twelve bottom 
fermentation yeasts and three nonfermenting film yeasts from Arbois wines 
and Jerez wines. The twelve strongly fermenting yeasts also readily de- 
veloped films on wine; at 15.4-16.4% alcohol, the alcohol tolerance vary- 
ing somewhat with the strain. Under practical conditions we have suc- 
ceeded in securing film growth on wines of 17% alcohol content by volume. 
High tolerance to alcohol is a very valuable pj’operty since vinegar bacteria 
seldom grow at above 15% alcohol. 

As previously mentioned these yeasts exhibited very high alcohol form- 
ing power, 16.0-17.7% by volume, compared with 15.6% by volume formed 
by our so-called Champagne strain in parallel experiments. 

Several of the yeasts were found to form spores and were classified as 
Sacch. cerevisiae var. ellipsoideus; several others of high fermenting power 
failed to form spores and so were classified as Torulopsis. 

These film yeasts, both the Jerez and the Arbois strains, are now in com- 
mercial use in California in the production of Spanish type sherries. Three 
Pichia yeasts and one Hansenula yeast were recovered from the naturally 
occurring film stage, but because of low alcohol tolerance, 13% or less, were 
not considered of significance. 

The film stage of the Jerez and Chalon yeasts oxidizes ethyl alcohol to 
acetaldehyde or to CO 2 and H?0 and also oxidizes acetic acid and the fixed 
acids of the wine. Pasteur had noted the destruction of acetic acid in 
wine by the Arbois wine film yeast. Cruess and Podgorny (20) have re- 
ported on this effect in wine also. 

The Jerez and Arbois yeasts form a very interesting group. We have 
been unable to recover similar yeasts from California wines although 
Schanderl (73) reports success with German yeasts and Niehaus (58) found 
a number of such film-forming yeasts in South African wines. 
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II. Microbial Spoilage of Wine 

Wine, like other liquids of biological origin, is subject to spoilage by 
various microorganisms, although until Pasteur’s (63) classic researches on 
the spoilage of beer and of wine, it was not generally recognized that spoil- 
age is often due to these agencies. For example, Chaptal (10) and others 
of his era stated that vinous fermentation is due to the interaction between 
the sugar principle and protein or albuminous substances of the grape must 
(juice). If the two are properly balanced the sugar and allniminous sub- 
stances are both removed and a sound wine results. If the allaiminous 
substances are more abundant than the sugar, then they arc capable of 
bringing about aft the diseases to which wine is susceptible. It was also 
believed even in the time of Pasteur according to Ventre (83) that if micro- 
organisms appeared in wine and caused its spoilage, they, like the yeasts 
which caused fermentatictn of the juice to wine, were spontaneously gen- 
erated from the ‘‘glutenous substances” of the wine. In other words, the 
nonbacterial theory of wine spoilage died hard. However, in addition to 
being a brilliant investigator, Pasteur was also a past master in defending 
and promoting his new findings and theories. Consequently not many 
years elapsed before his views were accepted and most types of wine spoil- 
age were recognized as microbial in nature. 

Not all wine spoilage is caused by microorganisms, however. Thus an 
excess of iron, copper (>r tin may cause clouding of wine and severe oxidation 
may ruin it for beverages purposes. Yet in th(^ main, wine “diseases” are 
usually caused by microorganisms and usually by bacteria rather than l)y 
yeast or molds. Nevertheless, aerobic film yeasts (Pasteur’s Mycoderma 
vini) and sediments forming facultative yeasts occasionally cause detc'riora- 
tion of wine. Also, the bacterial spoilage of wine can be caused by aerobic 
bacteria (acetic bacteria), or by fac\iltative bacteria such as certain lacto- 
bacilli and certain coccus forms. 


1. Spoilage by Film-Forming Yeasts 

Many of the wines of the Arbois region of France (Pasteur’s “home 
town”) in Pasteur’s time as well as today were aged aerobically in partially 
filled casks under a grayish film or “fleur du vin,” which Pasteur proved 
to be composed of yeast-like cells. He named this organism Mycoderma 
vini. While this film yeast used in this manner is beneficial and necessary 
to attainment of the well-known, pungent flavor and bouquet of Arbois 
and Chalon wines, it can also under other circumstances spoil certain wines 
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by destroyiiip; much of the fixed acid and alcohol and by imparting a dis- 
agreeable flavor and odor. The use of these film yeasts in preparing 
Chalon and Jerez (sherry) wines is discussed more fully in a separate sec- 
tion. 

Pasteur grouped all of the film yeasts of wine under the name Mycoderma 
vini. I^ater this term came to be applied only to nonsporulating, non- 
fermenting film yeasts. The work of Prostdosserdow and Afrikian (70), 
Schanderl (73), Hohl and Cruess (36), and others has shown that usually 
the desirable Arbois, (dialon and Jerez film yeasts are vigorous fermenters 
of sugary liquids and that the majority of them form endospores. 

Hohl and (Tuess (36) rc'covered from Jerez wiiu^ and C'halon wine ^Tny- 
coderma” films four ‘'wild yeasts,^' namely, three Pichia forms and one 
Ilanseniila, all of which formed spores but little or no alcohol. They were 
not very tolerant to alcohol, and formed films at 11.2% for the least toler- 
ant to 13.7% alcohol for the one most tolerant to al(;ohol, in (contrast with 
the desirable CJialon and Jerez him formers which in some causes tolerate 
up to 17% or more alcohol. 

The Ifamenula and Pichia forms are common him formers on ‘Tlistilling 
mab'rial” (dilut(‘d wines used for distillation for brandy). Tliey grow 
profusely on such wiiu's wash-stored for a few days in open vats awaiting 
distillation. It is likely that they destroy some al(*ohol by oxidation to COa 
and H 2 O and impart off havors under such conditions. To the extent to 
which these changes occur their (hwelopnumt under these circumstances is 
undesirable. 

“ My coder r?ia,^’ using this term in the Pasteurian sense, is never encoun- 
tered on fortihed wines of 18-22% alcohol even if stored in open vats, as 
the alcohol prevents their growth. It seldom develops also on unfortihed 
(“natural”) ('alifornia wines unless they have been diluted to low or mod- 
erate alcohol, i. e., below 13% probably, even in partially hlled containers. 
Vinegar bacteria are more apt to appear. However, in Switzerland, 
Germany and France where many natural wines may contain as little as 
10.5% or even less of alcohol, him yeasts can grow readily if the air supply 
is adequate. 

These yeasts at hrst usually outgrow the vinegar bacteria, but eventually 
the grayish-white yeast him gives way to the translucent, tough, shiny 
acetic bacterial him, or to the “non-hlm” forming acetic bacteria. During 
the him yeast stage, the total acid decreases by oxidation by the yeast and 
during the acetic stage it increases owing to acetihcation. 

Spoilage of wine by either him yeasts or vinegar bacteria is evidence of 
gross negligence on the part of the wine maker. If the casks and bottles 
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are at all times full and sealed these microorganisms cannot develop or 
cause spoilage. 

Clouding and Sedimentation Caused by Yeast. — It has long been recog- 
nized in France, California and in other wine-producing regions that sweet 
Sauternes and Sauterne type wines are subject to fermentation with accom- 
panying clouding by wine yeasts Sacch. ellipsoideus, unless the 
wines are '^pickled’’ with SO 2 (300-400 p. p. m. of SO 2 ) to prevent yeast 
growth, or are pasteurized, or ^^germ proof” filtered to render them ster- 
ile. 

Baker (3) in this laboratory has isolated a number of cultures from 
bottled Califor^a Sauterne wines that had begun to ferment in the bot- 
tles at about 13% alcohol and 2 to 8% residual sugar. In such cases the 
yeasts were usually of true wine yeasts, Sacch. ellipsoideus (syn- 
onymous with Sacch. cerevisiae ellipsoideus). In such cases the causative 
organism is easily identified and control measures are simple. Baker 
found that some of these yeasts will tolerate more than 400 p. p. m. of SO 2 
indicating that the customary legal maximum of 300 p. p. m. is inadequate 
in many cases. The practical observations of wine bottlers confirm his ob- 
servations. Hence, in California it is customary to elevate the SO 2 content 
at the time of bottling to 350-400 p. p. m. (350-400 mg. per liter). 

But in addition to this common form of spoilage, dry wines such as Cha- 
blis or Riesling types of even less than 0.15% residual sugar will, according 
to Cruess (12), Phaff imd Douglas (64), occasionally become cloudy or show 
a white deposit brought about by yeast. In some cases, also, fortified sweet 
wines such as muscatel, port and angelica of 20% or more alcohol by vol- 
ume exhibit yeast clouding and sedimentation. 

2. Spoilage by Vinegar Bacteria 

Since time immemorial the souring of wine by vinegar bacteria has been 
a well-known and very common phenomenon; the makeup of the word 
vinegar from vin aigre,” sour wine, is evidence of this fact. 

As is true of several other common forms of wine spoilage, Pasteur (63) 
showed that acetification of wine is due not to some mysterious purely 
chemical transformation or by spontaneously generated organisms, but to 
the activity of what he termed Mycoderma aceti or acetic bacteria. He 
found it associated often with film yeast, his Mycoderma vini, and that more 
often than not the Mycoderma aceti outgrew the Mycoderma vini and even- 
tually transformed the wine into vinegar. Incidentally he also showed 
that vinegar making can be greatly hastened and improved by use of a new 
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technique in which only a portion of each barrel of vinegar is drawn off for 
bottling and this portion is replaced with wine. This procedure gave the 
newly added wine a tremendous inoculation or starter of vinegar bacteria 
which rapidly converted the added wine to vinegar, and at the same time 
maintained constancy of quality. 



Fig. 8 . — AcetobacteTf involution forms. (After Vaughn, 
in Wallerstein Communications, 1942.) 


Vinegar bacteria, of course, require oxygen for growth and acetification, 
i. e., transformation of ethyl alcohol into acetic acid: 

CH3CH2OH + 02-^ CH3CO2H + H2O 

Therefore, all that the wine maker need do to prevent acetification of his 
wines is to exclude oxygen by keeping his casks and bottles well filled and 
tightly bunged or corked. In fact, that practice is Rule No. 1 of cellar 
practice! Nevertheless, even in the best of cellars, casks will occasionally 
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leak, thus developing a head space and admitting air, or corks may become 
loose and admit air. In both cases acetification is very apt to follow unless 
the wine is high in alcohol or contains sufficient SO 2 to inhibit growth. 
Cruess (13) showed that vinegar bacteria are sensitive to SOj in must and 
more recently Ouess and Podgorny (20) showed that a relatively small 
concentration of SO 2 inhibits their growth in wine. (See also Cruess, 
Weast and Gililland (22).) 

The tolerance of acetic acid bacteria for alcohol appears to be quite varia- 
able, judging from the experience of Cruess, Weast and Gililland (22). 
They found that in most cases naturally occurring acetic bacteria of wine 
did not grow in wine of 14.5-15% alcohol, although growth and acetifica- 
tion occurred umier winery conditions at 14.9% alcohol. Vaughn (78) 
states that the limit for growth of acetic bacteria is considered to lie be- 
tween 14 and 15% alcohol. Bioletti (5) placed the maximum tolerance of 
vinegar bacteria at 14% alcohol. 

Often, particularly in fermentation in which little or no SO 2 has been 
used, acetic bacteria develop in the floating cap of skins and stems in red 
wine vats and cause considerable rise in volatile acidity of the wine. 

In the hot interior of San Joaquin Valley of California at one time, 1933 
to about 1936, losses of fermemting grape must of the Muscat variety were 
quite heavy owing to acetification during alcoholic fermentation. Vaughn 
(79) proved that the rapid acetification was due to the activity of vinegar 
bacteria capable of growth and acetification in the presence of actively fer- 
menting wine yeast, Sacchai'omyces cerevisiae var. ellipsoideus. Cruess and 
Hascal (19) found that vinegar bacteria added in generous amount to grape 
must with a starter of wine y(‘ast in some cases caused cessation of alcoholic 
fermentation by acetic acid. Similar results were reported by Cruess 
(16) in which it was found that vinegar bacteria can arrest alcoholic fer- 
mentation by yeast by creating sufficient acetic acid to arrest yeast ac- 
tivity. 

Vaughn (79) found that not all strains of Acetohacter possessed the power 
of rapid acetification in association with yeasts. However, all cultures iso- 
lated by him from the acetified Muscat musts, previously mentioned, 
possessed this property to a very marked degree. Acetification was more 
rapid and extensive in the presence of yeast at 37° C. than at 31° C. In 
commercial practice 37° C. is often attained in the crushed grapes in the hot 
San Joaquin Valley wine area. In sterile grape must the vinegar bacteria 
isolated from the affected Muscat wines produced a mousey taste and odor, 
a characteristic usually associated with lactobacilli. 

Prevention of this form of spoilage during alcoholic fermentation is easily 
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accomplished by adding 100 p. p. m. of SO 2 or an equivalent amount of bi- 
sulfite to the must before fermentation. 

Vaughn (78) has recently presented a very useful r4sum<§ of the proper- 
ties and industrial application of the acetic bacteria and among other prop- 
erties mentions their ability to oxidize a considerable number of organic 
compounds other than ethyl alcohol. For example, d-sorbitol is oxidized 
to /-sorbose useful in the synthesis of vitamin C. d-Glucose is oxidized by 
Acetobacter aceti. He also discusses the classification of the acetic bacteria 
and favors the name Acetobacter for the genus in preference to Bacterium^ 
My coderma, Bacillus and several other generic names used by others. 
He suggests that they belong in the family Pseudomonadaceae as proposed 
by Kluyver and van Niel in 1936. The type species is Acetobacter aceti 
(Ktitzing) Beyerinck. Vaughn points out that the genus has been encum- 
bered with a large number of species, many of which are no longer recog- 
nizable. Others are probably synonymous with previously described 
species. 

Some species form a heavy pellicle on wine during acetification; others 
form no pellicle or ‘‘mother,^^ yet bring about rapid acetification. Aceto- 
bacter does not convert glu(;ose directly into significant amounts of acetic 
acid. Vaughn emphasizes that different species have no specific environ- 
ment; a given species may be found in beer, wine, cider, perry, etc. He 
lists seven species based on nature of film, cellulose reaction, optimum tem- 
perature, oxidative characteristics, pigment formation, ketogenic proper- 
ties and ability to use ammonium salts as sole source of N. These species 
are A. aceti, A. xylinum, A. rancem, A, melanpgeuum, A. roseum, A. sub- 
oxydans and A. oxydans. All are strongly aerobic in respect to O 2 require- 
ments. 

Finally, it may be said that vinegar bacteria often spoil wine for use as 
such ; yet in so doing they do not destroy its commercial value completely 
because the wine maker can convert the spoiled wine into wine vinegar, 
a merchantable commodity. 

3. Spoilage by Certain Lactic Bacteria 

The most serious losses by wine makers through bacterial spoilage are 
caused by rod bacteria most of which belong to species of Lactobacillus and 
are facultatively aerobic in character. In the wine industry such spoilage 
is termed the ^‘tourne disease^^ or ^Tactic souring.'^ In France if it is ac- 
companied by gas formation it is termed ^‘pousse,^^ although the term 
‘^pousse^^ may occasionally be applied also to a desirable bacterial trans- 
formation by Micrococcus acidovorax in which gas is also produced. 
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In typical “tourne’' spoilage the wine shows a silky ^^sheen^^ or silky 
cloudiness when the bottle or glass is gently agitated and held toward the 
light. It also is increased markedly in volatile and in fixed acidity and 
developes a disagreeable “lactic sour'’ taste or in some cases a distinctly 
mousey taste and odor. Under the microscope it will be found teeming 
with long rod bacteria, typical microscopical fields of which are very well 
portrayed in Pasteur's paper, “Etudes sur le vin," 1873. Very often in 
California development of the typical “mousey" “milk-sour" flavor of 
“tourne" is accompanied by gas production ((^ 02 ). Some French writers 
place such wines in a separate category and call the disease “pousse," owing 



Fig. 9. — Bacteria from wine. (After Pasteur.) 


to the gas pressure in casks or bottles. Pasteur was inclined to consider 
“tourne" and “pousse" a single disease, “tourne-pousse." Miiller-Thur- 
gau and Osterwalder also state that there is no clear-cut differentiation, 
as the organisms responsible for the two conditions are very similar and 
in some cases a single organism, as L. mannitopoeus can cause both diseases. 
Duclaux (28) is also in favor of combining the two diseases as one. Semi- 
chon (75) joins in Duclaux's opinion. Kayser (40), Dugast (29a), Pacot- 
tet (62) and Couche (11) separate the two diseases. 

While Pasteur definitely proved that such spoilage is due to the action 
of these long rod or filamentous lactic and volatile (acetic) acid-producing 
bacteria, he did not isolate the organisms in pure culture. 
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In commercial practice it has long been recognized that these bacteria 
are much more apt to develop in wines containing considerable residual, 
unfermented sugar, i. e., wines in which the yeast fermentation has '\stuck^’ 
because of high temperature or competition with bacteria. In France 
it was proved more than thirty years ago by several enologists and in Cali- 
fornia by Bioletti and Cruess (7), Cruess (16) and confirmed more recently 
by Cruess (15) that by the addition of moderate concentrations of SO2 or 
of bisulfites to the grape must before fermentation, much sounder wines of 
lower initial volatile acidity, lower residual sugar content and much better 
keeping quality are obtained. In a typical case one California winery in 
the first year following repeal produced about 200,000 gallons of wine by 
natural” fermentation without use of SO3, all of which became affected 
with “tourne” and had to be sold at low price and great financial loss for 


Table I 

Effect of SO 2 in Fermentation on Composition and Soundness of Resulting 
Commercially Prepared Wines. (After Cruess, (15)) 


Method of 
fermentation 

Number 

of 

samples 

Volatile 
acid as 
grams per 

100 CO. 

Residual 
sugar grams 
per 100 cc. 

Total acid 
grams per 
100 cc. 

Alcohol 
volume, % 

1. Natural. No SO 2 

51 

0.137 

0.566 

0.51 

12.93 

2. SO 2 used 

98 

0.043 

0.150 

0.66 

12.46 


distilling material. In the following year 8O2 was used and as a result the 
entire output was sound and salable as good wine. In the above table 
are given a few data on the effect of SO2 on composition and soundness of 
wine. Any new wine containing more than 0.10 gm. of volatile acid per 
100 cc. is considered unsound. It should not exceed 0.06 gm. as a matter 
of fact. 

The new wines in which no SO2 was used in fermentation showed many 
millions of long rod bacteria per cc., whereas those in which SO2 had been 
used during fermentation were free or practically free of such organisms. 
In neither group of wines were vinegar bacteria evident in most cases. The 
high volatile acidity evidently had been caused by the “tourne” bacteria. 

These organisms, however, do not confine their activity to the period of 
alcohol fermentation. In fact, they very often make their first appearance 
several months after the alcoholic fermentation has ended. During the 
increase in temperature of the wine in Spring following the previous vintage 
the new wine is apt to become cloudy, and exhibit evolution of CO2. If 
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the disease is not arrested, the wine rapidly spoils. Pasteurization and 
addition of SO 2 are the common remedial measures. 

It is believed by most investigators in this field — for example, Miiller- 
Thurgau and Osterwalder — that the condition known as‘Hourne disease” 
can be caused by any one of several closely related, long rod bacteria. 

By regular monthly examination of each tank of wine in the cellar, by 
analysis for volatile acid content and microscopical examination of the 
centrifuged sediment for presence of long rod bacteria, the winery chemist 
can detect incipient development of the tourne disease organisms. An ap- 
preciable increase in volatile acidity should cause him to become suspicious 



of the devt‘lopment of tourne organisms, but such suspicion should be con- 
firmed by microscopical examination. 

Kramer (43) considered the tourne disease a condition in which bacteria 
first split the proteins of the wine into amino acids and then decomposed 
the organic acids with formation of formic, propionic, acetic, succinic, 
butyric and lactic acids. But Miiller-Thurgau and Osterwalder believe 
that Kramer was dealing with a badly decomposed wine in this case, par- 
ticularly since .butyric acid is not encountered in simple tourne wines, ac- 
cording to them. Duclaux (28) emphasized that tartrates decrease rapidly 
and volatile acid increases. Much of the volatile acidity he found to be 
due to propionic acid. 
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Laborde (45) recovered a culture of bacteria from tourne wine with 
which he was able to produce the disease in a wine inoculated with it. It 
caused a decrease in tartrates and produced acetic and propionic acids. 
It produced mannite from levulose, an attribute also of Lactobacillus manni- 
topoeus of Mliller-Thurgau and Osterwalder. 

Pasteur (63) and others based the term ^Hourne’’ as much on the “turn- 
ing’’ in color of affected red wines as on the turning lactic sour. Affected 
wines on exposure to air, according to Pasteur, turn brown and precipitate 
their color. 

Maz6 and Pacottet (52 a) reported long, filamentous rod bacteria in old 
tourne wines and that the organisms form mannite as well as acetic and 
lactic acids; their description closely parallels that of the “ferment manni- 
tique” of some French enologists and that of the Lactobacillus niannitopoeus 
of Muller-Thurgau and Osterwalder (55). The latter report that“tourne” 
wines are encountered in Switzerland although less common there than in 
Southern France and North Africa owing to the inhibiting effect of the high 
fixed acidity of Swiss wines. Low acidity favors ‘‘tourne,” as does aiso 
residual unfermented sugar. Muller-Thurgau and Osterwalder comment 
on the “astonishing” absence of information on “tourne” in German pub- 
lications and complete ignoring of the work of Gayon, Dubourg, Semichon 
and other French scientists on this disease, possibly because the disease has 
been very uncommon in the highly acid German wines. Perhaps, also, the 
common use of SOj in German wines has held the “tourne” organisms in 
check. 

The European papers on “tourne” indicate the variability of the symp- 
toms and the fact that the disease is not caused by any one organism. 
Muller-Thurgau and Osterwalder, however, in their laboratory at Wadens- 
wil, Switzerland, in 1912, brought ordet out of previous confusion, by iso- 
lating pure cultures of the responsible bacteria, studying their morphologi- 
cal and physiological (‘haracteristics, and reproducing the various “lactic” 
diseases with the pure cultures. We shall discuss their work in a later 
section. 

Niehaus (56, 57) reports a long, threadlike bacterium from sweet, forti- 
fied, South African wines capable of growing actively at 18% alcohol. It 
required a growth-promoting substance from yeast sediment and a moder- 
ate amount of sugar. It formed mannite from levulose. Fevrier (30) 
found a long, rodlike organism responsible for the spoilage of fortified 
South African winces of 19-20% alcohol content. It was extremely heat 
resistant withstanding 80° C. for 15 min. Pacottet and other European 
authors had placed the death temperature of the “tourne” organism at 
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about 60° C. in 1 to 2 min. The present author (Cruess) has encountered 
similar organisms in fortified California wines of 20% alcohol content, 
which imparted a mousey taste to the wines and in the impure, natural 
state in the wine withstood 80° C. for over 2 min. 

d’Estivaux (296) found a long rod bacillus in spoiled, fortified Port wines 
from Portugal growing readily at 18.1% alcohol. It was gram-positive and 
often appeared in pairs of cells forming an obtuse angle. This (obtuse 
angle pairs of cells) is a common characteristic of the long rod bacteria 
found in lactic soured, '‘tourne,^’ ^^pousse^^ and mannitic wines. 

Pacottet (62) reported that “tourne’^ was common in Argentinian wines 
at the time of hjg^visit to that country about 1910. 

Pederson (65) has published a very useful bulletin on the lactic bacteria 
including those from wine. 

In 1936 Douglas and Cruess reported on a study made by them of the 
^Hourne’^ disease of (California wines and described the responsible micro- 
organism. The disease usually appears soon after fermentation in “stuck 
wines’' (those in which alcoholic fermentation has ceased because of exces- 
sive temperatures during fermentation), sometimes soon after alcoholic 
fermentation has ceased, but more often in early Spring with rise of tem- 
perature at that time. The volatile acidity rises rapidly, often reaching 
0.30 gm. per 100 cc. A silky cloudiness develops. Eventually the odor 
and flavor are adversely affected, ‘hnousiness” best describing this condi- 
tion. Its growth is prevented by the presence of 75-100 p. p. m. of SO 2 , 
and this is the common preventive measure. If the disease has appeared 
and has not yet produced a mousey flavor and odor, it can be “cured” by 
flash pasteurization at 80° C., close filtration of the pasteurized wine, and 
occasional additions of SO 2 or bisulfite to maintain a concentration of 
above 75 p. p. m. of SO 2 . Use of 150 or more p. p. m. of SO 2 during fermen- 
tation usually gives in the new wine sufficient SO 2 to prevent bacterial 
spoilage for several months. 

Pure cultures from more than twenty wines were secured. Two cultures 
failed to produce the disease in wine; all of the others produced it readily 
in susceptible wines and were apparently of a single species. The cells 
were nonmotile, nonsporulating rods, occurring singly or in pairs, or in 
short chains of three or four cells, and often in pairs of cells forming an 
angle of 90-120°. The average range in size of the cells was 0.9 X 4.5 — 
0.9 X 6.5 (JL, The organism was gram-positive. It was isolated on grape 
juice agar anaerobically, but after several transfers grew readily aerobic- 
ally. In diluted, sterile, sweet wine (Muscatel, Port, etc.) of 10-12% al- 
cohol, it grew abundantly in 48-72 hrs. at 30-33° C.; it also grew rapidly 
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in diluted California grape juice. In pure culture the characteristic 
mousey odor and flavor developed. It fermented levulose, dextrose and 
xylose, forming acid but no gas, final pH being about pH 4.0, No fermen- 
tation was observed in arabinose, mannose, mannite, glycerol, lactose, 
sucrose, galactose, raffinose and dextrin. The principal end products of 
levulose fermentation were lactic and acetic acids. No mannite was found. 
Growth was inhibited by 75 p. p. m. of S() 2 . Maximum alcohol tolerance 



Fig. 11. — Jerez film yeast growing on wine. 


for fairly rapid growth in S02-free wine reinforced with 4.5 cc. of grape 
concentrate per 100 cc. was 16.2% by volume, although slight growth 
occurred in two months at 18% alcohol. Since it did not form CO 2 in cul- 
ture media or in wine, it was not a “pousse’’ disease organism; also for the 
same reason it would be classed as a homofermentative lactobacillus rather 
than a heterofermentative one. It was considered a new species and 
named Lactobacillus hilgardii in honor of Dr. E. W. Hilgard, founder of 
the College of Agriculture of the University of California and the first to 
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organize wine research in California. Douglas and Vaughn (unpublished) 
consider this organism very close to Lactobacillus plantarum in character- 
istics and plan to redescribe it in the light of recent new data. 

4 . Pousse 

As previously stated, the so-called ^^pousse’^ disease of wine differs from 
the tourne” disease chiefly in the fact that gas is formed and usually man- 
nite. Perhaps it should be classified as a “vin mannitique” disease. 
Pacottet’s and other previously mentioned views (that ‘‘tourne’^ and 
“pousse” are separate manifestations of a single disease) are not borne out 
by the work of fJbuglas and Cruess as reported in the preceding section. 
Their L. hilgardii formed no gas or mannite in pure culture, yet reproduced 
in susceptible wine the other characteristics of the ‘Tourne^^ disease. 

As Muller-Thurgau and Osterwalder (55) point out, one aspect of the 
“pousse” condition (gas pressure in cask or bottle) can also be caused by M. 
acidovorax, a beneficial organism occurring almost universally in Swiss 
wines. 


5. Mannitic Disease of Wine 

If one allows a drop of lactic soured, spoiled wine to evaporate spontane- 
ously on a microscope slide at room temperature, very likely there will be 
observed under the low power of a microscope typical rosettes of mannite 
crystals, (^6H8(OH)6, the hexahydric alcohol of levulose. The author has 
frequently made this observation on California wines that have “stuck’’ 
with some \mfermented sugar owing to high temperatures during fermenta- 
tion. Fairopean and other investigators, of course, noted this condition 
many years ago and have described it and the microorganisms quite fully. 
Pacottet (62), Sannino (72), Niehaus (56), Semichon (75), Laborde (46), 
Couche (11), Gayon and Dubourg (31), Muller-Thurgau and Osterwalder 
(55) and many others have referred to it in their books and research papers. 
The common view among them until the work of the Swiss investigators 
(Muller-Thurgau and Osterwalder (55)) had been that the disease develops 
chiefly during alcoholic fermentation, particularly in hot localities as in 
North Africa and in Southern France. They showed that the mannite- 
forming bacteria grow readily in susceptible wines after alcoholic fermen- 
tation has ceased. 

Gayon and Dubourg (31) isolated pure cultures from affected wines and 
studied their properties in considerable detail. While some of their ob- 
servations and conclusions do not agree with those of Miiller-Thurgau and 
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Osterwalder (55) on the latter^s Lactobacillus mannitopoeus^ nevertheless 
Gayon and Dubourg’s (31) papers (1894 and 1901) are very useful and in- 
formative Mannite was formed from levulose only Some CO 2 , fixed acid 



Fig 12 — Photomicrographs of typical members (4) Jerez yeast 5 (Torulopsts) fer- 
mentation stage, 5 days old (B) Jerez yeast 5, film stage, 2 V 2 months old (C) Chalon 
yeast 12 {Saccharomyces cerevisiae^ elhpsoideus)^ fermentation stage, 5 days old (D) 
Chalon yeast 12, film stage, 2 V 2 months old {E) 5 days old film of yeast 1, (Ptchm) 
(F) 5 days old film of yeast H a {Hansenula salurnus) (Hohl and Cruess (36)) 
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and considerable volatile acid were formed simultaneously with the mannite. 
The fixed acid produced from levulose or dextrose was chiefly lactic and the 
volatile almost wholly acetic. The organism did not attack tartrates and 
in this respect, they state, differed from the tourne organism, which de- 
stroys tartrates. They report that their culture also formed alcohol, glyc- 
erol and succinic acid. The mannite formed by the bacteria is not de- 
stroyed, consequently it remains in the wine and may amount to several 
per cent by weight. 

Miiller-Thurgau found mannitic bacteria very frequently in the spoiled 
apple and pear wines of Switzerland. 

Mliller-Thurg^ states that the mannitic bacteria may cause the de- 
velopment of a lactic sour taste in wines, but that other lactic bacteria also 
usually cause this flavor which is reminiscent of saner kraut or fermented 
pickles. Mannitic wines are characterized also by an exceptionally high 
extract caused by the presence of mannite. In sound, dry wines, the 
sugar is converted into alcohol and (^02 instead of into mannite. Lactic 
acid, mannite, acetic acid and probably esters formed by the bacteria are 
all involved in imparting th(' peculiar ‘^sour-sweet” taste of typical man- 
nitic wines. 

In their classical paper (55) on the l)acteria of wine, Muller-Thurgau and 
Osterwalder describe in (considerable detail the morphology and cultural 
characteristics of several strains of L. mannitopoeus, namely, /, fc, p, g and t. 
The first four were isolated from fruit wines, the last from a Gutedel grape 
wine. In wine fortified with added grape juice, the cultures formed long 
rods or filaments. On gelatin medium the cells were short. In a yeast 
extract solution containing levulose, their L. mannitopoeus f converted 62- 
72% of the levulose into mannite. Muller-Thurgau and Osterwalder ’s 
organism transformed 13.6% of the levulose into acetic acid and 12.6% 
into lactic acid. Carbon dioxide was formed and in yeast extract media a 
mousey odor and taste developed. Lactic and acetic acids, and CO 2 but 
no mannite were formed from dextrose and galactose. Some ethyl alcohol 
was formed from dextrose and galactose, and a mousey taste developed. 
Sucrose was attacked with formation of lactic acid, acetic acid, CO 2 , alco- 
hol and mannite; nevertheless, no invert sugar could be found. Maltose 
was also attacked with formation of lactic and acetic acids, and alcohol. 
Lactose was not attacked. The organism in this respect differs from the 
lactic bacteria of milk. Raffinose was attacked. Z-Arabinose and xylose 
but not rhamnose were attacked. The mannitic bacillus of Gayon and 
Dubourg did not attack arabinose. It destroyed malic acid with forma- 
tion of much lactic and little acetic acid. Tartrates were not affected. 
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Citric acid but not lactic or succinic was also attacked. These properties 
are mentioned to indicate the manner in which Miiller-Thurgau and Os- 
terwalder differentiated their various organisms. 

Five other closely related mannitic bacteria were studied by the same 
workers. These organisms were characterized by their growth in long, 
slender filaments, or filamentous chains of slender rods. Like L. mannito- 
poeus these organisms formed mannite, lactic, acetic and CO 2 from levulose 
and these acids and CO 2 , but not mannite from dextrose and galactose. 
They named the type organism of the group Lactobacillus gracilis. Unlike 
L. manvitopoeus, it did not affect cane sugar, maltose and raffinose. Its ac- 
tion on pentose sugars differed from that of L. mannitopoeus. These in- 
vestigators have described two other strains of mannitic bacteria, namely 
L. iniermedius from Swiss red wine and L. gayoni from an Algerian wine. 
They resemble L. mannitopoeus. 

It then appears that the mannitic bacteria of wine can differ among 
themselves markedly in morphology and in their physiological behavior, 
but have in common the property of converting levulose into mannite. 

As to control and prevention of the mannitic disease in wines, the use of 
SO 2 during alcoholic fermentation and subsequent storage of wine will pre- 
vent its appearance by inhibiting the bacteria. The organism is sensitive 
to SO 2 ; 100 p. p. m. prevents its growth. Pasteurization and germ-proof 
filtration can also be used. 

6. The Bitter FermenV^ of Wine 

The author has never encountered this disease in the typical form de- 
scribed by Pasteur (63), Voisenet (84) and others. It occurs almost or 
quite exclusively in red wines and usually develops in old wines several 
years after bottling, according to European authors. Pasteur observed 
long rod bacteria, often stained or encrusted with the coloring matter of 
the wine. The wine becomes turbid and acquires a peculiar odor in addi- 
tion to the very pronounced bitter taste. Pasteur found no decrease in 
tartrates, but observed that the glycerol diminished in such wines. Du- 
claux (28) made a similar observation and concluded that the bitterness is 
formed from decomposition of the glycerol. Coloring matter precipitates 
during the course of the disease. Voisenet believed the bitterness due to 
formation of acrolein resins, the acrolein being derived from the glycerol. 

Pasteur heated 100 bottles of Pomard wine of Burgundy of 1863 and 100 
bottles were left unheated. All of the former remained clear while all of 
the latter in time became turbid and finally bitter. The sediment 
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swarmed with long rod bacteria. This experiment is reasonably good 
proof that the disease is bacterial. 

Mbz6 and Pacottet (52a) isolated several pure cultures from bitter wines 
and found them to agree in properties with those of the ‘^mannitic ferment^^ 
of Gayon and Dubourg. However, they were unable to reproduce the 
disease with their pure cultures. 

Peroncito and Maggiora (66) claimed to have reproduced the disease by 
inoculating red wine with pure cultures of bacteria isolated from bitter 
wines (according to Muller-Thurgau and Osterwalder) . 

Dahlen (23) , and others believed the bitterness might not be due to glyc- 
erol decomposition products but to compounds derived from the tannin of 
the wine. Mliffer-Thurgau and Osterwalder (55) also incline toward that 
view and point out that while gallic acid derived from tannin is not bitter, 
nevertheless the ethyl ether of gallic acid is intensely bitter. 

Apparently little receift work has been done on this disease and one is 
at a loss to decide which, if any, of tne various theories as to the origin of 
the bitter principle, is correct. The disease appears, however, to be caused 
by rod bacteria similar in appearance to that of the more common lacto- 
bacilli of wine. 

Voisenet (84) has named the organism isolated by him from bitter wine, 
Bacillus amaracrylus, 

7. Sliiny Wine Spoilage 

Occasionally new white wine becomes ^‘ropy^^ or viscous. Microscopical 
examination shows the presence of long chains of very short rod bacteria. 
Pasteur observed these organisms in such wines and reported them as cocci 
in rosary-like chains. 

However, otVier organisms have been isolated from such wines. Boersch 
(8) found a sarcina, Aderhold (2) a diplococcus, and Kramer (43) found a 
bacillus, often in long filaments, that he named Bacillus viscosus vini, 
Maz4 and Pacottet (52a) described two rod bacteria from slimy wines that 
formed filaments and were members of the mannitic bacteria group. 
Kayser and Manceau (41) have described several short rod bacilli which 
develop in wine either individually or in chains. Their treatise covers the 
subject very fully. 

The disease is easily prevented by use of 100 p. p. m. of SO 2 , and is cured 
by addition of tannin and pasteurization. The chemical nature of the slime 
is not definitely known. 

Bacterium Tartarophthorum. — Miiller-Thurgau and Osterwalder (54) 
describe a very interesting bacterium from wine that decomposes tar- 
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trates and tartaric acid and forms in wine CO 2 and acetic acid. The fixed 
acid of the wine decreases and the volatile acid increases. 

8. Other Bacterial Diseases of Wine 

White wines often become hazy according to Pacottet, Sannino and 
others from the presence of Micrococcus anomalus. Frequently wines de- 
velop a lactic-sour (kraut-like) flavor without becoming mousey in taste 
(“tourne’^) and without CO 2 production (pousse). Lactobacilli of homo- 
fermentative species are involved. 

9. The Hair Bacilhis^^ of Fortified Wine 

Since 1932 the author’s laboratory has received many samples of forti- 
fied wines of 18"20.5% alcohol content in which an extensive, flocculent, 
amorphous sediment was evident. At no time does the wine become tur- 
bid, unless shaken severely. Chemical examination of such wines reveals 
ordinarily that very little change in composition has occurred. Upon 
prolonged storage at room temperature, there is an increase in the volatile 
and fixed acids with a decrease in sugar content. 

Under the microscope the organism responsible for the disease resembles 
a tangled mass of wet hair in appearance, hence the common name “hair 
bacillus.” It resembles microscopically very strikingly the illustration of 
Muller-Thurgau and Osterwalder’s Lactobacillus gracilis. The long fila- 
ments are made up of slender rodlike bacteria. 

Douglas and Cruess (26) described the disease and the organism briefly, 
and Douglas and McClung (27) described some of its cultural character- 
istics. They were unable to obtain growth in any laboratory culture media 
such as grape juice, tomato juice, meat broth and many others, and resort 
had to be made to use of agar made with diluted sweet wine in order to ob- 
tain colonies for isolation of pure cultures. The organism grows readily 
and abundantl}^ in diluted sweet wine. 

It is sensitive to SO 2 , 75-100 p. p. m. holding it in check completely. 
It apparently does not grow in wines of an acidity exceeding 0.50 gm. per 
100 cc. as tartaric acid, nor does it grow at pH values below 3.7 nor above 
7.0 according to Douglas. 

Much bottled fortified wine has in the past developed a cottony deposit 
of this organism. The wine in such cases was brilliantly clear when it left 
the winery. Consequently the bottler has been puzzled concerning the 
origin of what he terms “cottony mold.^^ In such’ cases the wine may have 
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been infected in the tank in the cellar, or infected by the bacteria on the 
inner surfaces of pumps, filling machines, hose lines, tank cars, etc. 

The universal means of prevention at present is maintenance of 75 
p. p. m. or more SO 2 in the wine at time of bottling; usually 100 p. p. m. is 
the concentration desired. This organism spoiled many millions of gallons 
of wine before the work of this laboratory established effective control 
measures. It is now very seldom encountered. 

III. Malic Acid Destruction by Bacteria 

It has long been known that the acidity of the tart wines of Switzerland 
and Germany uSftally decreases quite rapidly and extensively after the alco- 
holic fermentation, thereby rendering the excessively sour wines of those 
countries potable. At one time it was thought this decrease was due to 
precipitation of excess cream of tartar, HKC 4 H 4 O 6 , but the work of Mos- 
linger (53a), Seifert (74), Koch (42), Kunz (44), Muller-Thurgau and Os- 
terwalder (55) and others showed that the transformation is one involving 
the conversion of malic acid (a dibasic acid) to lactic acid (a monobasic 
acid) and CO 2 , thereby greatly reducing the fixed acidity, and that the 
organisms usually concerned are micrococci. Seifert described one of these 
under the name Micrococcus malolacticus. 

Kunz found as much as 0.4 gm. of lactic acid per 100 cc. in wines in 
which the malolactic fermentation had occurred; and Moslinger found a 
maximum of 0.6% lactic in such a wine. 

The author has tasted and observed in Swiss cellars new wines under- 
going this fermentation. The wines were mildly sparkling from the CO 2 
generated in the process and were of pleasing flavor. Evidently, M. 
malolacticus and M. acidovorax (another and similar coccus) impart no or 
extremely little off flavor to the wine. 

In so far as the author is aware, this fermentation is not of great impor- 
tance in California, but he hastens to say, also, that this condition is, per- 
haps, more apparent than real, for very little study has been given this 
problem in California. California wines are low in malic acid as grapes 
ripen completely here ; whereas in Switzerland they do not ripen thoroughly 
and therefore contain much free malic acid. Green grapes of any region 
are rich in malic which decreases and may almost completely disappear dur- 
ing ripening. 

Muller-Thurgau and Osterwalder (55) studied this fermentation and the 
organisms responsible for it very thoroughly. They mention that Pasteur 
considered a coccus-like bacterium as the cause of mellowing of wines. 
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Their micrococci were classified as members of two species, namely, M. 
acidovorax and M. variococcus. The former was isolated from a pear wine 
and several strains of the latter from grape wines from several districts in 
Switzerland. 

M. acidovorax grown in white wine was grouped in tetrads frequently, 
less frequently in triads and as diplococci. Its usual size was 0.5 to 0.7 /z. 
M, variococcus was larger, 0.75 to 1.0 fx in diameter and often occurred in 
larger groups than tetrads, also as tetrads, diplococci and individual cells. 

The two species showed distinct morphological differences in other 
media. 

M. acidovorax decomposes lactose energetically and maltose quite rapidly, 
whereas M. variococcus does not attack lactose at all, and maltose only 
slightly. M. variococcus attacks amygdalin while M. acidovorax does not. 

Seifert^s M. malolacticus agrees with Miiller-Thurgau and Osterwalder^s 
M. variococcus in size but differs markedly from it in its action or levulose 
and dextrose. 

The three organisms resemble each other closely in their action on malic 
acid, citric, tartaric, lactic and succinic acids. They attack malic acid, and 
malates vigorously, but not the other acids or their salts. 

They differ from most other wine bacteria such as L. mannitopoeus, L. 
gracilis ^ L. hilgardii, etc., in producing very little acetic acid in wines, and 
as they db not adversely affect the flavor and quality of the wine, they are 
considered benefactors to the wine industry of Switzerland and Germany. 

IV. Role of Enzymes in Wine Making 

The importance of certain enzymes in wine making is recognized by 
most authors on enology and wine production. Amerine and Joslyn (1) 
call attention to the fact that alcoholic fermentation itself in the final an- 
alysis is an enzymic process. They also call attention to the roles of pectic 
enzymes and oxidases. 


1. Oxidase of the Grape 

Martinand (50) appears to be the first to report that darkening of wines 
is caused by oxidation, catalyzed by a soluble ferment termed diastase” 
which in a later paper (51) he considered to have the properties of a lac- 
case. Since mold growth is frequent on French grapes, it is possible that 
he may have confused the oxidizing enzyme of Botrytus dnerea with that 
of the grape tissues. 

Pacottet (62) states that grapes and wines contain an oxidase naturally 
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occurring in grape tissues, but that this oxidase is much less abundant and 
of less importance than that from the gray mold, Botrytus cinerea^ of French 
grapes. Ventre (83) makes similar statements. 

Recently Hussein and Cruess (38) have extended previous knowledge of 
the oxidase of grapes. They found that the oxidase, prepared by pre- 
cipitation with acetone in citrate buffer of pH 4.5, reprecipitation with 
alcohol and solution in citrate buffer solution, would oxidize the purified 
natural substrate from grapes causing a browning of the color. Since 
Hs 02 was not necessary for this oxidation, the natural substrate appar- 
ently contained an orthodihydroxy linkage, such as exists in catechol, 
caffeic acid andjjertain tannins. The orthodihydroxy compounds act as 
organic peroxides of Onslow (59). The (?hzyme also oxidized many phenolic 
oxidase indicators in the presence of H 2 O 2 or of added catechol. Its opti- 
mum pH was 4.5-5.5. It was very sensitive to KCN, e. g.y 5 X 
KCN destroyed over 90^ of its activity and 4 X 10“^ destroyed it com- 
pletely, indicating it to be a true peroxidase. There was no evidence that 
a dehydrogenase existed in the grapes used. It destroyed ascorbic acid 
in the presence of catechol, no darkening of the latter occurring until all 
the ascorbic acid had been destroyed. It was completely inhibited by 60% 
of alcohol by volume but retained practically full activity at 10 to 20%, 
the normal range of wines. It was sensitive to SO 2 . Papain and trypsin 
destroyed the enzyme, indicating a protein character. 

In another paper Hussein and Cruess (38) report that the naturally 
occurring grape oxidase hastens the browning of the color of white dry wine 
in the presence of oxygen, also that increasing the acidity of the wine 
greatly diminished the rate of enzymic browning. However, their wines 
also browned considerably by auto-oxidation after destruction of the en- 
zjrmes by heat. 


Botrytus Mold Oxidase and Oxidasic Casse 

In most European wipe-producing regions grapes often develop a gray 
mold, Botrytus cinerea, that penetrates the skin and flesh of the berries and 
brings about a desirable concentration of the sugar in the must by evapora- 
tion of water from the mold^s mycelium. At the same time, the mold se- 
cretes a powerful oxidase, responsible for excessive browning and clouding 
of white wines and precipitation of the color of red wines. 

Laborde (46) showed the relation between the presence of Botrytus 
cinerea on grapes and the oxidase content of the wine. Pacottet (62) de- 
scribes methods of controlling and of destroying this oxidase in wine. The 
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addition of SO 2 or bisulfites will hold it in check, a procedure in very com- 
mon use in France and Germany. It may be destroyed by heating the wine 
to 80° C. for about 3 min., according to Ventre (83). The writer regrets 
that he has had no experience with this enzyme, as Botrytus cinerea does 



Fig. 13. — Effect of several pectic enzymes on grape must. 
No. 1 : untreated; Nos. 2, 3 and 5 treated with commercial 
enzymes; No. 4: untreated. 


not usually grow on California grapes. It requires wet, rainy weather 
during the picking season, whereas the California weather at that time is 
usually very dry and warm. 

3. Pectic Enzymes 

The natural clearing of wines after fermentation is probably in part due 
to the clotting action of enzymes on wine colloids, particularly of pectic 
*?nzymes on the natural pectic substances of wine. Besone and Cruess 
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(4) report ex;periments tending to substantiate this belief; unheated juice 
and wine made from it cleared perfectly, that which was heated to destroy 
enzymes remained cloudy. Pectic enzymes added to the latter caused 
rapid clearing. 

They found commercial pectic enzymes very useful in the clarification of 
new wines. Evidently, pectin is hydrolyzed to pectic acid which then 
separates as a clot or precipitate easily removed by settling or filtration. 
At the same time, it evidently carries with it finely divided, suspended 
particles in the wine. It was not inhibited by the SOa normally used in 
wine making nor W the 20% of alcohol found in fortified wines. In a 
small industrial sc^ test the enzyme-treated new wine cleared in two days; 
the untreated was still hazy after four months^ storage. 

It was found that the enzyme can be added to advantage before fermen- 
tation and that it then accomplishes its effects during fermentation, bring- 
ing about rapid clearing after fermentation is complete. 

If. Other Enzymes 

Amerine and Joslyn state that wines probably contain tannase. Since 
Vitis vinifera varieties of grapes contain only invert sugar, whereas Vitis 
labrusca varieties contain both sucrose and invert sugars, it is possible that 
V. vinifera grapes all contain invertase. Yeasts, of course, contain invertase 
in addition to the enzymes involved in alcoholic fermentation. It is pos- 
sible that through autolysis of the yeast following cessation of fermentation 
small amounts of some enzymes of the yeast are liberated into the wine. 
The writer has been unable to find any references on that point, however. 

Whether or not grapes contain ascorbase, appears not to have been defi- 
nitely settled. The work of Morgan, Nobles, Wiens, Marsh and Winkler 
(526) shows that the vitamin C content of the fresh grapes is lost in wine 
making and aging. This loss may or may not be due to simple auto-oxida- 
tion. Grapes are low in vitamin C. 

Bibliography 

1. Amerine, M. A., and Joslyn, M. A., Univ. Calif. Agr. Exptl. Sta.j Bull. 639 
(1940). 

2. Aderhold, R., Landw. Jahrb. Schweiz.^ 23, 587 (1894). 

3. Baker, E. E., Jr., Wine Rev., 4 (7), 5 (1936), 

4. Besone, J., and Cruess, W. V., Fruit Products 20 (12), 365 (1941). 

5. Bioletti, F. T., Univ. Calif. Agr. ExpU. Sta., Bull. 227 (1912). 

6. Bioletti, F. T., ibid., Bull. 213 (1911). 

7. Bioletti, F. T., and Cruess, W. V., ibid., Bull. 230 (1912). 



MICROORGANISMS AND ENZYMES IN WINE MAKING 


385 


8. Boersch, C., Dissertation, Erlangen, 1893. 

9. Castelli, T., Boll. ist. sieroterap. milan, 14, 3, 9 (1935). Also Arch. Microbiol., 9, 
449 (1938). 

10. Chaptal, C., TraiU sur la culture de la vigne avec Vart defaire le vin, Paris, 1801. 

11. Couche D. D., Modern Detection and Treatment of Wine Diseases and Defects, 
Technical Press, London, 1935. 

12. Ctuess, W. V., Wines and Vines, 19 (2), 20 (1938). 

13. Cruess, W. V., J. Ind. Eng. Chem., 4, 581 (1912). 

14. Cruess, W. V., Univ. Calif. Pull. Agr. Sd., 4 (1), 1 (1918). 

15. Cruess, W. V., Fruit Products J., 15 (11), 324, 345 (1936). 

16. Cruess, W. V., Univ. Calif. Agr. Exptl. Sta., Circ, 227, 347 (1912). 

17. Cruess, W. V., Intern. Congr. Vit., San Francisco, 1915, p. 254. 

18. Cruess, W. V., Brown, E. M., and Flossfeder, F. C., /Tid. Eng. Chem., 8, 1124 
(1916). 

19. Cruess, W. V., and Hascal, Ruth, Fruit Products J., 3, 20, 21 (Feb., 1924). 

20. Cfuess, W. V., and Podgomy, Alex., ibid., 17 (1), 4, 5 (Sept., 1937). 

21. Cruess, W. V., Richert, P. H., and Irish, J. H., Hilgardia, 6 (10), 295 (1931). 

22. Cruess, W. V., Weast, C., and Gililland, R., Fruit Products J., 17 (8), 229, 251 
(April, 1938). 

23. Dahlen, H. W., Handbuch der Weinbereitung, Braunschweig, 1878. 

24. De Rossi, G., Relaz. Quarto Congr. Intern. Vigna e Vino, Lausanne, 1935; through 
Zentr. Bakt. Parasitenk. (// Abt.), 98, 469 (1938). 

25. Douglas, H. C., and Cruess, W. V., Food Research, 1 (2), 113 (1936). 

26. Douglas, H. C., and Cruess, W. V., Fruit Products J., 15, 310 (1936). 

27. Douglas, H. C., and McClung, L. S., Food Research, 2 (6), 471 (193'^. 

28. Duclaux, E., Traiti de microbiologie, Vol. Ill and Vol. IV, Paris, 1900, 1901. 

29a. Dugast, J., Vinification dans les pays chauds, Aumeran, Algiers, 1930. 

296. d’Estivaux, L., Ann.fals., 317, 288 (1935). 

30. Fevrier, F., J. Dept. Agr. Union S. Africa, 12, 120 (1926). 

31. Gayon, U., and Dubourg, E., Ann. inst. Pasteur, 15, 527 (1901). 

32. Guillermond, A., The Yeasts, translated by F. W. Tanner, Wiley, New York, 1920. 

33. Harden, A., Alcoholic Fermentation., Longmans, Green, London, 1932, pp. 237. 

34. Henrici, A. T., Molds, Yeasts and Actinomycetes, Wiley, New York, 1930. 

35. Hohl, L., and Cruess, W. V., Food Research, 1 (5), 405 (1936). 

36. Hohl, L., and Cruess, W. V., Zentr. Bakt. Parasitenk. {II Abt.), 101, 65 (1939). 

37. Holm, H. C., Univ. Calif. Agr, Exptl. Sta., Bull. 197 (1908). 

38. Hussein, A. A., and Cruess, W. V., Food Research, 5 (6), 637 (1940). 

39. Jorgensen, A., Die Mikroorganisrnen der Gdrungsindustrie (5th Ed.), Paul 
Parey, Berlin, 1909. 

40. Kayser, E., Rev. vit., 39, 745, 783 (1913). 

41. Kayser, E., and Manceau, E., Les ferments de la graisse des vins, Epemay, 1909. 

42. Koch, A., Weinhau Kongr, Colmar; Weinbau und Weinhandel., 18, No. 40, 19(X). 

43. Kramer, E., Die Bakteriologie in ihren Beziehungen lur Landwirischaft und dm 
landwirtschaftlichen technischen Gewerben (Teil 2), 1892. 

44. Kunz, R., Uniersuch. Nahr. Genussm., 4, 673 (1901). 

45. Laborde, J., Compt. rend., 138, 228 (1904). 

46. Laborde, J., Compt. rend., 126 (1898). 

47. Lafar, F., Handbuch der technischen Mykdlogie, Vols. I and II, Fisher, Jena, 1906. 



386 


W. V. CRUBSS 


48. Lindner, P., Mikroskopische BetriebskonlroUe in den Gdrungagewerhenj (6th Ed.), 
Paul Parey, Berlin, 1909. 

49. Lodder, J., Verhandel. Akad. W etenschappen Ameterdamy Afdeel Naturrkunde 
(2nd Sect.), 32, 1 (1934). 

50. Martinand, V., Compt. rend.y 120, 1426 (1895). 

51. Martinand, V., ibid.y 124, 212 (1897). 

52a. Maz4, P., and Pacottet, P., Ann. Inst. PasteuTy 18, 244 (1904). 

526. Morgan, A. F., Nobles, H., Wiens, A., Marsh, G. L., and Winkler, A. J., Food 
Reeearchy 4, 217 (1939). 

53a. Moslinger, R., Z. Urdermch. Nahr. Genussm.y 4, 1120 (1901). 

536. Mrak, E. M., and McClung, L. S., J. Bact.y 40, 395 (1940). 

54. Miiller-Thurgau, H., and Osterwalder, A., Ber. Schw. Versuchsanstalt fiir 06«<-, 
Wein- und Garicn6a||jj^WadenswiL, 1917-1920. 

55. Miiller-Thurgau, H., and Osterwalder, A., Zentr. Bakt. Parisitenk. {II Aht.), 
36, 9 (1912). 

56. Niehaus, C. J. G., Stellenbosch Agr. Coll.y South AfricOy Bull. 16, 1930. Also 
Farming S. AfricOy 6, 443 (193JJ). 

57. Niehaus, C. J. G., Farming S. AJricay 4, 475, 521, 526 (1929-1930). 

58. Niehaus, C. J. G., ibid.y Reprint 17 (Feb., 1937). 

59. Onslow, M. W,, Biochem. J.y 13, 1 (1919). 

60. Osten\’’alder, A., Landw. Jahrb. Schweiz. 1102 (1934). 

61. Osterwalder, A., Zentr. Bakt. Parasitenk. {II Abt.)y 90, 227 (1934). 

62. Pacottet, P., Vinificationy Bailliere, Paris, 1926; 

63. Pasteur, Louis, Ptudes sur le i>m, Paris, 1873. 

' 64. Phaff, H. J., and Douglas, H. C., unpublished communication to the author 
(1940). 

65. Pederson, C. S., Agr. Expt. Sta.y Tech. Bull. 159 (1929), 

66. Peroncito, C., and Maggiora, A., WeinlaubCy 1888, 459. 

67. Porchet, Berthe, Ann. fermentationsy 4, 578 (1938). 

68. Porchet, Berthe, Ann. agric. Suisscy 1931, 135. 

69. Porchet, Berthe, Mitt. Lebensm. Hgy-y 26, 19028 (1935). 

70. Prostdosserdow, N. N., and Afrikian, R., Das Weinlandy 12, 389 (1933). 

71. Rahn, 0., Physiology of hacterioy Blakiston^s Son & Co., 1932. 

72. Sannino, F. A., Tratado de Enologioy Gustavo Gil, Barcelona, 1925, p. 354. 

73. Schanderl, H., Wein u. Rebcy 18, 16 (1936). 

74. Seifert, W., Mitt, gdrungsphysiol. Lab.y Klostemneuburg (1901). 

75. Semichon, L., TraiU des maladies des vine, Montpellier, 1905. 

76. Stelling-Dekker, N. M., Verhandel. Akad. Wetenschappen Amsterdamy Afdell. 
Natuurkundey (2nd Sec.), 28, 1 (1913). 

77. Theron, C. J., and Niehaus, C. J. G., Wine Making y Dept. Agr. Univ. of Stellen- 
bosch, South Africa, 1935. 

78. Vaughn, R. H., Wallerstein Laboratory CommunicationSy 5, (14), 5 (April, 1942). 

79. Vaughn, R. H., J. Bact.y 36 (4), 357 (1938). 

80. Vaughn, R. H., and Douglas* H. C., ibid.y 36 (3), 318 (1938). 

81. Verona, O., and Luchetti, G., Boll. ist. super, agrar, Pisa, 12, 256 (1936). 

82. Ventre, J., Les levures en vinificationy Coulet, Montpellier, 1935, p. 59. 

83. Ventre, J., TraiU de vinification (Vol. 2), Coulet, Montpellier 1931, pp. 1-487. 

84 . Voisenet, E., Compt. rend., 150 , 1614 (1910); ibid., 153 , 863 (1911). 



AUTHOR INDEX* 


A 

Abderhalden, E., 65 (ref. 2, 6), 69 (ref. 22), 
74 (ref. 6), 77 (ref. 59), 105, 107, 258 (ref. 
53), m 

Abel. J. J., 179 (ref. 1), 184 
Abels, J. C., 336 (ref. 79), 5^7 
Abrams, R., 146, 148 
Achalme. 137, 147 

Adair, G. S., 68 (ref. 18), 105 , 130 (ref. 1). ISS 
Aderhold, R., 378, 384 
Adler, E., 168 (ref. 2, 61), 184, 186, 195, 202, 
248 

Adler, O., 243 (ref. 172), 252 
Afrikian, R., 361, 363, 386 
Agner, K., 138, 142, 148 
Agren, 68, 105 

Ahlberg, K., 121 (ref. 45), 134 
Alapenso, H., 163 (ref. 181), 188 
Albers, D., 342 (ref. 102), 347 
Aline, E.. 269, 270 (ref. 134), 285 
AlUson, F. E., 292 (ref. 22), 311 
Aim, F., 158, 188 
Almquist, H. J., 269, 284 
Altschul, M., 146, ij^ 

Amerine, M. A., ^6, 357, 381, 384, 384 
Andersson, B., 159 (ref. 3), 184 
Andervont, H. B., 316 (ref. 8, 21), 319, 320 
(ref. 8). 322 (ref. 8), 327 (ref. 52), 328 (ref. 
52), 336 (ref. 52, 72, 73), 337 (ref, 72), 338. 
339 (ref. 73), 340 (ref. 73, 92), 342 (ref. 72). 
345-348, 348 

Annau, E., 170 (ref. 4), 184, 211, 250 
Ansbachcr, S., 274, 286, 292 (ref. 26), 308, 
311 

Anson, M. L., 43 (ref. 18), 61 
Aoki, C., 336 (ref. 89), 347 
Aquilonius, L., 26 (ref. 20), 29 (ref. 81), 32, 34 
Armstrong, M. D., 298 (ref. 40), 312 
Amey, S. E., 159 (ref. 92), 171, 186 
Arnold. A.. 259 (ref. 60), 282 
Arrhenius, S., 36, 48, 59, 60, 62 
Asai, T., 163 (ref. 175, 195), 188, 189 
Ashburn, L. L., 270, 272 (ref. 145), 285 
Ashford, C. A., 157 (ref. 6), 183 (ref. 6), 184, 
227 (ref. 130), 239 (ref. 159), 251 
Astbury, W. T., 14, 32, 65 (ref. 11-13), 67 
(ref. 13), 71 (ref. 41). 72 (ref. 44, 45, 47- 
50), 73 (ref. 52). 76 (ref. 57, 58), 77 (ref. 
58), 79 (ref. 58). 80 (ref. 58). 82 (ref. 57). 


84, 85, 86 (ref. 58), 87 (ref. 58), 91 (ref. 
99), 93 (ref. 102), 94 (ref. 52), 96 (ref. 52, 
99), 101 (ref. 50, 114), 102 (ref. 117), 105- 
108 130 133 

Atkin! 65,’86 (ref. 80), 91 (ref. 99), 96 (ref. 
99), 105, 107, 108 

Atkinson, W. B., 271 (ref. 151), 285 
Axelrod, A. E., 315 (ref. 1. 2), 322 (ref. 1. 2), 
345 

Axtman, G., 280 (ref. 210), 287 

B 

Babcock, S. H., 259, 262, 270, 277 (ref. 202), 
282, 285, 286 

Bach, S. J., 173 (ref. 7), 184 
Bader, 278 

Badian, J., 6 (ref. 2), 32 
Baer, R. S., 160 (ref. 8), 184 
Baernstein, 94 (ref. 97), 108 
B&hler, G. P.. 292 (ref. 29), 305, 311 
Dailey. K., 69 (ref. 28), 72 (ref. 50). 77 (ref. 
56), 78 (ref. 68), 79, 86 (ref. 81). 101 (ref, 
50), 106, 107, 155 (ref. 9), 184 
Baker, E. E., Jr., 364, 385 
Baker, Z., 174 (ref. 54), 185, 208 (ref. 85), 
214 (ref. 85), 250 
Baldwin, E., 156 (ref. 10), 184 
Ball, E. G., 169 (ref. 12), 181, 184 , 237 (ref. 

149, 152), 251, 322, 346 
Balls, A. K., 47 (ref. 77), 49 (ref. 77), 62 
Bang, Ivar, 14, 17, 32 

Banga. I.. 165, 170 (ref. 13), 184, 239 (ref. 
157), 251 

Barariowski. T., 127 (ref. 53), 131 (ref. 3). 
133, 134 

Barborka, C. J., 161, 186 
Barker, S. B., 163 (ref. 14), 184 
Barkhash, A. P., 163 (ref. 58), 185 
Barritt, 77 (ref. 63), 107 
Barron, E. S. G., 158 (ref. 18, 168), 159 (ref. 
17), 161 (ref. 21), 162, 163 (ref. 17), 165 
(ref. 22-24), 166, 171, 173 (ref. 24), 174, 
176, 179 (ref. 19), 184, 185, 188, 210 (ref. 
89), 224 (ref. 177), 250-252, 

Barthel, C., 200, 248 

Bartlett, G., 163 (ref. 25). 169, 185 

Bass. L. W., 32 

Bassett, A. M., 322 (ref. 18). 329 (ref. 18). 
345 


* Italic numerals refer to the bibliographies of the different papers. 

387 



388 


AUTHOR INDEX 


Batelli, F., 193, 198, 199, 203, 213 (ref. 5). 

214 (ref. 6) , 223, 233 (ref. 141) , 249, 261 

Bauer, H., 5 (ref. 4, 5), 32 
Bauernfeind, J. C., 256 (ref. 20), 263, 265 
(ref. 20), 269. 270, m, 283, 285 
Baumann, C. A., 193 (ref. 6), 194 (ref. 15), 
216, 223, 248 

Bawden, F. C., 32, 103 (ref. 121), 108 
Beach, 94 (ref. 98), 108 
Beadle. G. W., 280 (ref. 214), 287 
Bear, R. S., 95, 96, 108, 130 (ref. 4). 133 
Beber, M., 42. (ref. 33). 61 
Behrens, M., 5 (ref. 33), 13. 23, 24 (ref. 6). 
32 33 

Belehradek, J., 59 (ref. 72), 62 
Belitaer, V. A., 157 ^f. 26). 170 (ref. 26- 
28), 186 ^ 

BeU, D. J., 72 (ref. 47), 76 (ref. 57). 82 (ref. 
57). 84. 85, 91 (ref. 99), 93 (ref. 102), 96 
(ref. 99), 106-108, 111, 130, 133 
BeU, F. K., 179 (ref. 1), 184 
Bender, R. C.. 270 (ref. 146), 27f (ref. 146), 
272 (ref. 146), 277 (ref. 172), 286, 286 
Bennet-Clark, T. A., 169, 186 
Benoy, M. P., 174 (ref. 54), 186, 208 (ref. 
85), 214 (ref. 85). 260 

Bergmann, M., 64. 65 (ref. 7), 66, 69 (ref. 
25), 74 (ref. 7), 91. 94 (ref. 88, 89). W5-107 
341 (ref. 94), Si7 

Berkman, S., 266, 280 (ref. 219), BH.esr 
Bernal. 91 (ref. 86), 98, 103, 107, 108 
Bernard, C., 110, 111, 114, 124, ISS, 161 , 185 
Bemfeld, P., 121, 126, 'l27, 129, 184 
Bernhauer, K., 163 (ref. 31), 186 
Bernheim, A. R., 234 (ref. 145), 261 
Bernheim, F., 168 (ref. 32), 185, 234 (ref. 

146), 251, 316 (ref. 16), 346 
Besone, J., 383, 384 
Best, C. H., no 

Bioletti, F. T., 353, 356, 366, 369, 384 
Birch, T. W., 290 (ref. 11), 311 
Biscoe, 93 (ref. 101), 95 (ref. 101), 108 
Bjalfve, G., 292 (ref. 23), 311 
Black, S., 275 (ref. 190), 286 
Blanchard, K. C., 28, 32 
Blixenkrone-M0ller, N., 197 (ref. 24), 215 
(ref. 24), 246, 248, 262 
Block, 65, 69 (ref. 26), 74 (ref. 55),* 77 (ref. 

61), 94 (ref. 91), 106-107, 162 
Block, K., 274 (ref. 189), 275 (ref. 189), 286 
Bloomfield, G., 67 (ref. 67), 62 
Boas, M. A., 290, 311 

Bodansky, O., 36, 46 (ref. 42), 48, 49 (ref. 

42), 56, 57 (ref. 42), 61 
Boersch, C., 378, 386 

Bollen, W. B., 263 (ref. 80), 266, 280 (ref. 
80), 283 

Bonner, J., 280 (ref. 210), 287 
Booth, A. N., 276, 277 (ref. 198), 280 (ref. 
197, 198), 286 


Boppel, H., 121 , 134 

Borsook, H., 69 (ref. 29), 106, 161 (ref. 34), 
167, 186, 245, 262, 327 (ref. 61), 346 
Bougault, J., 303 (ref. 44), 312 
Boyer, P. D., 277 (ref. 200), 286 
Boyland, E., 167 (ref. 35), 186, 227 (ref. 129^, 
261 

Boyland, M. E., 167 (ref. 36), 186 
Bracket, J., 5 (ref. 11), 12, 24, 28, 32 
Brahn, B., 337, 347 
Brand, E., 67 (ref. 17), 99, 106, 108 
Brand, Th., 110, 133 
Brandenburg, K., 137, 147 
Brandt, K. M., 26 (ref. 13, 19), 27, 32 
Braunstein, A. E., 215, 260 
Breusch, F. L., 199, 202 (ref, 52), 204, 206 
(ref. 29), 239 (ref. 63), 248, 249, 261 
Brewer, C. R., 200, 240 (ref. 44), 241 (ref. 44), 

249 

Briggs, A. P., 308 (ref. 58, 69), 312 
Briggs, G. M., 265 (ref. 120), 284, 292 (ref. 
27), 311 

Brill. 72 (ref. 46), 74 (ref. 46), 106 
Brinkmann, E., 214, 221, 222, 260 
BrSmel, H.. 134 (ref. 46), 162 (ref. 161), 167, 
188, 236, 261 

Bronfenbrenner, J., 30 (ref. 60), 33 
Brown, D. E., 42 (ref. 31, 94), 44 (ref. 31, 
94), 47 (ref. 31), 49 (ref. 31), 61, 62 
Brown, E. M., 369, 386 
Brown, G. B., 296 (ref. 36), 298 (ref. 40), 312 
Bruce, F., 201, 249 
Brilckner, R., 157 (ref. 190), 189 
Buchanan, J. M., 175, 188, 189 
Buchanan, K. S., 336 (ref. 86), 342 (ref. 86), 

347 

Buchanan, R. E., 48 (ref. 40), 59 (ref. 40), 
61 

Bilchner, 221 
Bull, 102 (ref. 116), 108 
Bumm, E., 239 (ref. 162), 262 
Bunting, A. H., 159 (ref. 93, 94), 163, 169 
(ref. 94), 186, 186 
Burget, G. E., 263, 283 
Burgin, C. J., 263 (ref. 104), 281 (ref. 104), 
284 

Burk, D., 164 (ref. 67), 181, 186, 290, 292 
(ref. 22), 309, 311, 313, 320, 322 (ref. 39), 
326, 346 

Burstrdm, D., 292 (ref. 23), 311 
Burton, A. C., 69 (ref. 72), 62 
Butler. J. A. V., 46 (ref. 69), 47 (ref. 69), 48, 
60 (ref. 69), 56, 68, 62 
Butterworth, J., 200 (ref. 34), 248 
Butts, J. S., 245, 262 

C 

Cade, S., 343 (ref. 104), 347 
Cannan, 100 (ref. Ill), 108 
Carlson, L. D., 47 (ref. 86), 62 



AUTHOR INDEX 


389 


Carrick. C. W., 266 (ref. 118), m 
Carson, S. F., 162 (ref. 38, 202), 189, 241 
(ref. 166), £52 
Carter, C. W., 270, 285 
Carter, H. E., 267, 282 
Carter, S. R., 116, 133 
Caspersson, T., 6-14, 20, 21, 24-29, 32-34 
CasteUi, T., 366, 385 
Cattelain, E., 303 (ref. 44), 312 
Cerecedo, L. R., 274, 275, 286 
Chabrier, P., 303 (ref. 44). 312 
Chaikoff, I. L'., 336 (ref. 88), 347 
Chaix, P., 178, 185 
Challenger, F., 200 (ref. 34), 248 
Champetier, 72 (ref. 42), 106 
Chance, B., 60, 61 
Chandler, J. P., 327 (ref. 50). 346 
Chang, T. H., 183 (ref. 40), 185 
Chao, 88 (ref. 84), 107 
Chapman, 0. D., 277, 286 
Chaptal, C., 362, 385 

Cheldelin, V. H., 263 (ref. 94-96. 99), 283, 
284, 304 (ref. 46), 312 

Chibnall, A. C., 66, 67, 71. 97-102, 105, 241, 
252 

Chick, H., 272 (ref. 170), 285 
Christian, W., 151 (ref. 212), 152 (M. 211. 
213), 163, 154, 159, 160, 164 fref. 208, 209), 
165 (ref. 207, 210), 179 (ref. 212. 213), 189, 
227, 244, 251 
Claisen, L., 207, 227, 249 
Clark, 94, 108 
Clark, W. M., 181 
Clarke, D. H., 271 (ref. 150), 285 
Clarke, M. F., 264 (ref. 107), 284 
Claude, Albert, 27, 33 
Clowes, G. H. A., 168, 187 
Cohen, P. P., 195, 203 (reff. 58). 215. 2',8 ■ 
250, 316 (ref. 28, 29), 320 (ref. 28). 325 
(ref. 28), 346 

Cohen, R. A., 152 (ref, 41), 183 Tref. 41). 185 
Cohen, S. S., 30, 31, 33 
Cohn, M., 327 (ref. 60), S46 
Colowick, S. P., 127 (ref. 9. 11, 12), 128 
(ref. 11, 12), 129 (ref. 73), 131 (ref. 9. 11. 
12), 133-135, 152 (ref. 48, 193), 153 (ref. 
48), 154 (ref. 42), 169 (ref. 43), 170 (ref. 
43), 174, 180 (ref. 44). 185, 189, 227, 251 
Cotonio Bourne, M., 167 (ref. 102), 187 
Cook, B. B., 266 (ref. 24), 271 (ref. 24), 281 
Cook, R. P., 166 (ref. 160), 188 
Corey, 93 (ref. 101), 95, 108 
Cori, C. F., 127, 128 (ref. 10-13); 120-131, 
133-135, 162 (ref. 47, 48, 193), 153 (ref. 
48, 70), 164 (ref. 46), 160 (ref. 8, 49 , 70). 
169, 180 (ref. 44), 186, 185, 186, 189, 198, 
200 (ref. 23) , 227, 248, 261 , 323 (ref. 46 ) , 346 
Cori, G. T., 127 (ref. 9-14), 128, 131, ISS, 
lS4f 162 (ref. 47, 48), l63 (ref. 48 , 70). 
160 (ref. 49 , 70), 186, 186, 323 (ref. 46 ), S46 


Couch, J. R., 269, 270 (ref. 134), 285 
Couche, D. D., 368, 374, 385 
Cowgill, C. R., 272 (ref. 171), 286 
Craig. F. N., 47 (ref. 83), 60 (ref. 83). 62 
Oaig, F. U., 322 (ref. 18), 329 (ref. 18), 345 
Cramer, R. D., 176 (ref. 203), 189 
Craver, L. F.. 342, 347 
Cremer, M., 131 (ref. 14a), 134 
Crossmon, G., 33 

Cruess. W. V., 353, 355, 356, 358-361, 363, 
364, 366, 369, 372, 374, 375, 379, 382, 383, 
384, S86 

Crowfoot, 96, 98, 99, 108 
Crozier, W. J., 46 (ref. 56), 53 (ref. 55). 69. 60 
(ref. 55), 61, 62 
Czylartz, E. v., 144, 148 

D 

Daft, F. S., 270, 285 
Dalilen, II. W., 378, 385 
Dakin, H. D., 05, 71 (ref. 40), 94 (ref. 87), 
106, 107, 174, 185, 203, 246, 249 
Dalton. A. J.. 316 (fcf. 21), 326 (ref. 47), 345, 
346 

Damodaran, M., 241 (ref. 170), 252 
Daniels. F., 37, 39 (ref. 6), 60 
Dann, F. P.. 271. 286 

Darby, H. H., 298 (ref. 39), 302 (ref. 39), 312 
Darlington, C. D., 14 (ref. 28), 29, 33 
Das, N. B., 194 (ref. 13), 248 
Davis, 79 

Davis, E. F., 316 (ref. 13), 346 
Davison, H. G., 256 (ref. 24). 271 (ref. 24), 
281 

Davison, W. C., 48 (ref. 36), 61 
Deffner, M., 200, 240 (ref. 35, 43), 241 (ref. 
35, 43), 248, 249 

De Groat, A., 336 (ref. 86), 342 (ref. 86), 347 
Delaporte, B., 24, 30 (ref. 29), 33 
Derksen, 72 (ref. 42), 106 
De Rossi, G., 356, 385 
Desnuelle, 70, 106 

De Vaughn, N. M., 308 (ref. 58, 59), 312 
Dewan, J. G., 174 (ref. 72), 186, 211, 250 
Dh6r6, Ch., 7, 33 
Dicken, D. M., 308 (ref. 60), 312 
Dickens, F., 164 (ref. 51), 185, 234, 243, 244, 
251, 252 

Dickinson, 72 (ref. 45, 47, 50), 101 (ref. 50), 
106 

Dimick, M. K.. 256 (ref. 21), '271, 281, 285 
Dische, Z., 19, S3, 167 (ref. 52), 185 
Dittmcr, K., 307 (ref. 66), 312 
Dixon, K. C., 156 (ref. 160), 167 (ref. 6), 183 
(ref. 6, 63), 184, 185, 188 
Dixon, M., 195, 248 
Donn, W. J., 67 (ref. 65), 62 
Dorfman, A., 266, 284 
Douglas, H. C., 264, 286, 372, 374, 379, 386 
Drill, V. A., 273, 28p 



390 


AUTHOR INDEX 


Dubnoff, J. W., 246. ^5:?. 327 (ref. 61), 346 
Du Bois, K. P., 316 (ref. 17), 346 
Dubos, R. J., 29 (ref. 83), 34 
Dubourg, E., 371, 374-376, 378, 385 
Duclaux, E., 368, 370, 377, 385 
Dudley, H. W., 174 (ref. 50), 186 
Dugast, J., 368, 385 

£ 

Eakin, R. E., 263 (ref. 83), 383, 201, 292, 
295 (ref. 16), 304 (ref. 47), 306, 307 (ref. 
63, 64), SlI, 313 

Earle, A., 263 (ref. 90, 91), 264, 280 (ref. 91), 
383 

Edlbacher, A., 333, 3U 
Edlbacher, S., 245, (ref. 83, 87), 338, 

342 (ref. 87), 347 
EdaaU, 82 (ref. 77), 107 
Edson, N. L.. 211, 212 (ref. 95, 96), 215 (ref. 

95, 109), 247, 350, 353 
Edwards, J. E., 316 (ref. 8, 21), ^9, 320 (ref. 

8), 322 (ref. 8), 326 (ref. 47), 331, 345, 346 
Eggleston, L. V., 193 (ref. 8), 205 (ref. 73). 
206 (ref. 73, 81), 207 (ref. 81), 208 (ref. 8, 
84), 209 (ref. 8). 210 (ref. 8). 212-214, 216, 
(ref. 8, 73). 224 (ref. 81). 227 (ref. 8), 237 
(ref. 81), 239 (ref. 81), 240 (ref. 73). 348- 
360 

Einbeck. H., 203, 349 
Einstein, A., 118 
Elliot, L., 168 (ref. 61), 186 
Elliott, A. M., 280, 387 
Elliott, F. H., 173 (ref. 55), 185, 193 (ref. 9), 
239 (ref. 9), 348 

Elliott, K. A. C., 173 (ref. 56). 174, 185, 
193 (ref. 9), 196, 205, 208 (ref. 86), 214 
(ref. 86), 239 (ref. 9, 78, 165), 348-351 
El Sadr, M. M., 254 (ref. 8), 266 (ref. 8), 
261 (ref. 69), 381, 383 
Elsden, S. R., 193 (ref. 9), 348 
Elvehjem. C. A.. 254-266, 258, 261 (ref. 70). 
263, 265 (ref. 120), 271-273, 275, 276, 277 
(ref. 198), 280 (ref. 174, 197, 198), 381- 
386, 292 (ref. 27), 308 (ref. 61), 311, 313, 
316 (ref. 1, 2), 322 (ref. 1, 2), 346 
Embden, G., 151, 198, 204, 216 (ref. 110), 
219, 349, 350 
Emerson, G., 271, 385 
Emmons, C. W., 22, 23 (ref. 46), 33 
Endo. S., 169 (ref. 66), 186 
Engel, R. W., 269, 271 (ref. 148), 384, »86 
Engel, W., 160 (ref. 159), 188 
Engelhardt, W. A., 86 (ref. 78), 107, 164 
(ref. 59). 155 (ref. 69), 163 (ref. 68), 164, 
181, 186, 186 

Eppright, M. A., 263 (ref. 96), 383 
Epstein, S. F., 170 (ref. 60, 64). 186 
Erd6s, T.. 170 (ref. 4), 184 
EmstrOm, E., 47 (ref. 89), 49 (ref. 89). 6$, 


d’Estivaux, L.. 372, 386 

Euler. H., 48 (ref. 35), 67 (ref. 66), 61, 63 

Euler, H. von, 157 (ref. 62), 168 (ref. 2, 61). 

184, 186, 195, 202 (ref. 19), 348 
Evans. E. A., Jr., 167, 176, 186, 204, 211 
(ref. 97), 212, 214, 228, 230. 349, 350 
Evans, H. M., 271, 385 
Eyring, H., 37-39, 40 (ref. 6), 42 (ref. 15, 
95), 43. 44, 60-63 


F 

Fankuchen, I., 91 (ref. 86), 103, 107 
Faxekas, J. F., 239 (ref. 161), 351 
Feeney, R. E., 263 (ref. 91), 264, 280 (ref. 
91), 383, 384 

Fehrenbach, K., 239 (ref. 162), 353 
Felsovanyi, A. V., 316 (ref. 16), 345 
Ferdman, D. L., 170 (ref. 64), 186 
Ferry, R. M., 343, 347 
Feulgen, R., 4, 5, 13 (ref. 33). 15, 23. S3 
Fevrier, F., 371, 385 
Fidler, J. C., 172 (ref. 198), 189 
Figge, F. H., 271 (ref. 151), 272 (ref. 171), 
385, 386 

Finkelstein, J., 257-259. 260 (ref. 42). 383 
Fischel, R., 138, 147 
Fittig, R., 201 (ref. 50), 243, 349, 363 
Flossfeder, F. C., 359, 386 
Fodor, A., 258 (ref. 63). 383 
Folin, 69 (ref. 24). 106 
Folkers, K., 257, 258 (ref. 42). 259, 260 
(ref. 42), 383, 303 (ref. 45), 313 
Folley, S. J., 332 (ref. 65), 346 
Foster, J. W., 162 (ref. 202), 189, 241 (ref. 

166), 333 
Fonts, P. J., 386 
Fox, D. L.. 42 (ref. 28), 61 
Frances. L. D., 342 (ref. 96). 347 
Franke, W., 200, 240 (ref. 43), 241 (ref. 43), 
349 

Franseen, C. C., 331 (ref. 63), 332 (ref. 63). 
334 (ref. 63), 342 (ref. 63), 343 (ref. 63). 
346 

Free, H. H., 272, 385 
Freudenberg, K., 121, 134 
Friedemann, T. E., 159 (ref. 17), 161, 163 
(ref. 17, 65), 186, 186, 216 (ref. 113), 244 
(ref. 177*), 350, 363 

Friedmann, E., 204, 215 (ref. Ill), 349, 360 
Fromageot, C., 178, 185 
Frost, D. V., 271, 386 
Fruton, J., 341 (ref. 94), 347 
Forth. O. V., 94 (ref. 92), 107, 144, 148 
Fujiwara, H., 338, 347 
Fujiwara, T., 316 (ref. 20, 24, 26), 317 (ref. 
31, 33, 37, 38), 326 (ref. 48), 336 (ref. 77), 

345-347 

Fuld, M., 123 (ref. 38), 124, 133 , 134 
Fulmer, E. I., 48 (ref. 40), 59 (ref. 40), 6i 



AUTHOR INDEX 


391 


G 

Gatzi-Fichter, M., 268, 261 (ref. 48), 262, 
263, S82, 284 
Gates, F. L., 44, 6t 
Gavin, G., 308, 31$ , 

Gayon, U.. 371, 374-376, 378, 386 
Geiger, A., 239 (ref. 160), 261 
Geiling, E. M. K., 179 (ref. 1), 184 
Gemmill, C. L., 180, 186, 193, 246, 248, 262 
Genevois, L., 160 (ref. 68), 186 
Gentner, W., 187 

Gerard, R. W., 162 (ref. 41), 155 (ref. 69), 166 
(ref. 69), 183 (ref. 40. 41), 186, 186 
Gersh, I., 12. 33 
Gililland, R., 358, 366, 386 
Gillis, M. B., 265 (ref. 119), 269 (ref. 119), 
284 

Giri, K. V., 42 (ref. 27), 61 
Giroud, 72 (ref. 42), 106 
Glaser, E., 257, 282 

Glasstone, S., 37, 39 (ref. 5), 40 (ref. 5). 44 
(ref. 5), 60 

Glick, D., 47 (ref. 86, 87), 62 
Goerner, A., 317 (ref. 34), 346 
Goemer, M. A., 317 (ref. 34), 346 
G5s8y, 224 

Goldinger, J. M., 158 (ref. 18), 165 (ref. 24), 
166 (ref. 18), 167 (ref. 183), 171 (ref. 20). 

173 (ref. 24), 179 (ref. 19), 186, 188, 196 
(ref. 31), 199. 219 (ref. 31), 235, 248 

Golowskaya, K. S., 170 (ref. 27), 186 
Goodyear. G. H., 253 (ref. 1), 255 (ref. 1), 
256 (ref. 1), 263 (ref. 1), 264 (ref. 1), 279 
(ref. 1), 281 (ref. 1), 281 
Gordon, 77 (ref. 67), 83, 107 
Gordon, E. S., 264, 277, 278, 284, 286 
Gordon, H., 47 (ref. 92), 62, 152 (ref. 83), 179 
(ref. 83), 186 

Gorham, S. T., 336 (ref. 79), 347 
Gorter, F. I., 102, 108, 272 (ref. 165), 286 
Goss, H., 277, 280 (ref. 199), 286 
Gould, B. S., 46 (ref. 56, 57), 47 (ref. 51), 
49 (ref. 67), 50, 51, 53 (ref. 51), 54, 65 
(ref. 57), 60 (ref. 56), 61, 62 
Grady, H. G., 319, 344, 346, 348 
Green, A. A., 163 (ref. 70), 160 (ref. 70), 186 
Green, D. E., 47 (ref. 92), 50 (ref. 44), 61, 62, 
128, 134. 152 (ref. 83), 153, 160 (ref. 73), 
162 (ref. 74), 164 (ref. 71), 165 (ref. 74), 

174 (ref. 72), 179 (ref. 83), 186, 197 (ref. 
25), 204, 211, 233, 248-261 

Green, H. N., 336 (ref. 86), 338, 342 (ref. 85), 
347 

Greenberg, D. M., 42 (ref. 29), 61 
Greenberg, L. D., 177 (ref. 75), 186 
Greenstein, J. P., 14, 16, 33, 82 (ref. 77), 107, 
316 (ref. 8, 10, 26, 30), 317 (ref. 32, 36), 
320 (ref. 8, 10, 40), 321 (ref. 30), 322 (ref. 
8), 325 (ref. 66). 326 (ref. 26), 327 (ref. 


10, 62-54), 328 (ref. 10, 62-54), 329 (ref. 
55), 330 (ref. 54, 65), 331 (ref. 64), 332 
(ref. 66), 334 (ref. 30, 54, .66), 336 (ref. 
10, 36, 52-54, 66, 71-73), 337 (ref. 66, 
72), 338, 339 (ref. 71, 73), 340 (ref. 73), 
342 (ref. 72), 346-347 
Grendel, 102, 108 
Greslin, J., 279, 286 

Greville, G. D., 157 (ref. 35), 186, 193 (ref. 
7), 199, 248 

Griese, A., 227, 244, 261 
Groody, M. E., 270, 272 (ref. 139), 285 
Groody, T. C., 270, 272 (ref. 139), 286 
Gross, 94 (ref. 93), 108 
Gross, P., 271 (ref. 153), 286 
Grtinbaum, A., 215 (ref. 112), 260 
Grtissner, A., 257, 258, 260, 261 (ref. 48), 
262 282 

Gunther, G., 157 (ref. 62), 168 (ref. 2, 61), 
184. 186, 196, 202 (ref. 19), 248 
Guillermond, A., 350, 386 
Guirard, B. M., 263 (ref. 96), 283 
Gulick, Addison, 32 
Gulland, J. M., 32 
Guthke, A. G., 131 (ref. 51), 134 
Guthke. J. A., 162 (ref. 163), 188 
Gutman, A. B.. 157 (ref. 76), 186, 330, 331, 

332 (ref. 61), 333 (ref. 61), 334 (ref. 70), 

342 (ref. 61), 343, 344 (ref. 70), 346. 347 
Gutman, E. B., 167 (ref. 76), 186, 330, 331, 

332 (ref. 61), 333 (ref. 61), 334 (ref. 70). 

342 (ref. 61), 343, 344 (ref. 70), 346, 347 
Gy orgy, P., 256, 265, 271, 272 (ref. 168), 
273, 274 (ref. 155), 281, 284, 286, 289- 
293, 294 (ref. 14). 305, 307. 311, 312 

H 

Haarmann, W., 204, 240 (ref. 68), 249 
Haas, E., 46 (ref. 82), 67, 62, 168, 179 (ref. 
153), 186, 188 

HadidiaTi, Z.. 46 (ref. 52, 53), 53 (ref. 52, 63), 
54, 55, 60 (ref. 52), 61 
Hague, E., 293 (ref. 30), 312 
Hahn, A., 204, 240 (ref. 68), 249 
Haldane, J. B. S., 48 (ref. 37), 56, 61 
Hall, 95, 108 

Hall, James L., 18 (ref. 38), 33 
Haller, W., 116 (lef. 17), 134 
Halter, C. R., 309 (ref. 67), 313 
Hammarsten, E., 14, 23, S3, $4 
Hanes, C. S., 121, 128-130, 133, 134, 169, 160 
(ref. 79), 186 

Hange, S. M., 265 (ref. 118), 284 
Hangleiter, F., 342 (ref. 98), 347 
Happold, F. C., 280 (ref. 217), 287 
Harden, A., 351, 386 
Harington, 97 (ref. 107), 108 ^ 

Harris, 86 (ref. 79), 107 
Harris, A. E., 277, 286 
Harris, I., 23 (ref. 71), 34 



392 


AUTHOR INDEX 


Harris, S. A., 267, 258 (ref. 42), 269, 260 
(ref. 42), 28£, 303 (ref. 46) . SIS 
Harrison, D. C., 164 (ref. 80), 174 (ref. 80), 
1S6, 227, S61 

Hart, E. B., 255, 266 (ref. 120), 271 (ref. 
157), 276, £81, S84-S86, 292 (ref. 27), 308 
(ref. 61),S/f,313 
Harvalek, Z., 271 (ref. 153), £86 
Hascal, Ruth, 368, 366, S86 
Hasimoto, M., 316 (ref. 9), 317 (ref. 9), S46 
Hastings, A. B., 168 (ref. 89), 160 (ref. 21), 
173, 175, 186, 186, 188, 189 
Haugaard, G., 110, 1S6 
Haurowitz, F., 143, 148 
Hauschildt, J., 274, £86 
Hausmann, 69 (ref. ^ljjL106 
Haworth, W. N., 12^fe4, 1S4 
Heatley, N.G., 110, 1S4 
Hechter, O., 180, 186 
Heegaard, E., 163 (ref. 88), 186 
Hegsted, D. M., 292 (ref. 27), 3Q|^ 311, SIS 
Heidelberger, M., 27 (ref. 42), SS 
Heilbrunn, L. V., 69 (ref. 74), 6£ 

Hekhuis, G. Le V., 316 (ref. 28. 29), 320 (ref. 

28), 325 (ref. 28), S46 
Hellerman, L., 63 (ref. 50), 61 
Helmer, O. M., £86 (ref. 191) 

Helmert, W., 336 (ref. 81). S47 
Hemingway, A., 167 (ref. 219), 176 (ref. 219), 
189, 214, 226 (ref. 101), 228, 229, 232 (ref. 
IQI),£60 

Hende.flon, L. M., 263, 272 (ref. 166), £8S, 
£86 

Henrici, A. T., 350, S86 
Henseleit, K., 321 (ref. 42), S46 
Herbert, D., 47 (ref. 92), 6£, 162 (ref. 83), 
163 (ref. 83), 157 (ref. 164), 179 (ref. 83). 
186, 188 

Herger, C. C., 343 (ref. 108, 112), $48 
Heringa, 72 (ref. 42), 106 
Hermann, S., 163 (ref. 84), 186 
Hess, 72 (ref. 46). 74 (ref. 46), 106 
Hessel, F. H., 264 (ref. 106), £84 
Heuser, G. F., 266 (ref. 119), 269 (ref. 119), 
270 (ref. 138), £84, £86 
Heyroth, F.. 7, SS 
Hida, T., 189 (ref. 197) 

Hilgard, E. W., 373 
Hillary. B. B.. 6 (ref. 44), SS 
Hiller, 94 (ref. 94), 108 
Himwich, H. E.. 239 (ref. 161), £61 
Hind. H. G., 264 (ref. 8), 266 (ref. 8), 261 
(ref. 69). £81, £83 

Hinshelwood, C. N.. 37. 39, 40 (ref. 3), 42 
(ref. 3), 60 

Hirst, E. L., 122-124, 1S4 
Hitchings. G. H., 266, 266, £81 
Hoagland, C. L., 29 (ref. 46), SS 
Hoagland. H., 46 (ref. 62, 63), 63 (ref. 62- 
64), 64, 66, 69 (ref. 64, 71), 60 (ref. 62), 61 


Hodges. C. V., 343, 344 (ref. 109), S48 
Hofer, M. J., 263 (ref. 98), 280 (ref. 98). 281 
(ref. 98), £84 
Hoffer, M.. 2^\,£83 

Hofmann, K., 291 (ref. 13, 14), 293 (ref. 14, 
30), 294 (ref. 14, 31), 295 (ref. 31), 296 
(ref. 33, 34), 297 (ref. 37, 38). 298 (ref. 39). 
300 (ref. 41), 301, 302 (ref. 39, 42, 43), 307 
(ref. 56), Sll, 31 £ 

Hogan, A. G., 270, 272 (ref. 169), £86 
Hogness, T. R., 146, 148, 168, 186 
Hohl, L., 368-361, 363, 375, S86 
Hohl, L.A., 162 (ret. S5), 186 
Holaday. D., 253 (ref. 1). 256 (ref. 1). 256 
(ref. 1), 263 (ref. 1). 264 (ref. 1), 279 (ref. 
1), 280 (ref. \),£81 
Hollaender, A., 22, 23 (ref. 46), SS 
Holm, H. C.. 356, S86 
Holmes, E., 130, 134, 157 (ref. 164), 188 
Holmes, E. G., 173 (ref. 7). 184, 227 (ref. 

130), 239 (ref. 159), 246, £61, £6£ 

Homraa, J., 342 (ref. 99). 347 
Hoover, S. R., 292 (ref. 22), Sll 
Hopkins, F. G., 176, 177 (ref. 87), 186, 192, 
220, £48 

Horecker, B. L., 168, 186 
Hori, E., 207, 227, £49 
Horowitz, N. H., 163 (ref. 88), 186 
Horwitt, 65 (ref. 9), 106 
Hoskins, G. L., 216 (ref. 116), £60 
Houssay, 180, 186 

Huffmann, H. M., 160 (ref. 165), 188 
Huggins, C., 343, 344 (ref. 109), S48 
Hughes, E. H., 276, £86 
Huiskamp, W., 14, SS 
Hunter, 69 (ref. 29), 106 
Husemann, E.. 113, 118, 119, 124, 1S6 
Huskins, C. L., 10 (ref. 48). S3 
Hussein, A. A., 382, 386 
Hutchings, B. L., 260, 280 (ref. 62), £83, 
292, 311 

Hutchins, J. 0., 158, 186 
I 

Ide, 266 

Iki, H., 316 (ref. 9), 346 
Irish. J. H., 359, 386 

Isbell, E. R., 263 (ref. 101), 280 (ref. 223), 
£84, £87 

Isbell, H., 308 (ref. 68, 69), Sl£ 

Isherwood, F. A., 122-124, 1S4 
Issiki, T., 342 (ref. 99), 347 
Ittner, N. R., 276 (ref. 196), £86 
Ivanow, L., 161, 186 

J 

Jacobs, H. R., 162 (ref. 22), 166 (ref. 22), 186 
Jacobsohn, K. P., 202, 204, £49 
Jaeger, L., 20 (ref. 61), SS 
Jakua, 96, 108 



AUTHOR INDEX 


393 


James, Cl. M.. 159 (ref. 91, 94). 169 (ref. 94), 
t8() 

James, W. ()„ 159. 16.1 (ref. 36), 169, 171, 
183, 180 

Jandorf, B. J., 47 (ref. 91). 62, 15S (ref. S9). 
186 

.Icanloz, R., 112, 115, 119, 133, 134, 136 
Jeannerat, J., 116 (ref. 40), 134 
Jenkinsdn, C. N., 336 (ref. 85), 338 (ref. 85). 
342 (ref. 86), 347 

.Icnrettc, W. V., 14 (ref. 36). 15 (ref. 37), 33, 
316 (ref. 10), 320 (ref. 10, 40), 327 (ref. 10, 
52), 328 (ref. 10, 52). .336 (ref. 10. 52. 71). 
339 (ref. 71), 345-347 
Jensen, 65 (ref. 4), 106 

Jensen. C. G.. 273 (ref. 172), 277 (ref. 172), 
286 

Jewett, M., 178 (ref. 95), 180 
Johnson, E., 285 (ref. 133) 

Johnson, E. L., 265 (ref. 118), 284 
Johnson, F. H., 42 (ref. 31, 94), 44 (ref. 31, 
94). 47 (ref. 31), 49 (ref. 31), 01, 62 
.lohnson, G. A., 263 (ref. 98). 280 (ref. 98). 
281 (ref. 98), 284 

Johnson, J. M., 183, 180, 316 (ref. 23), 341, 
345, 347 

.lohnson, W. A., 162 (ref. 109), 187, 199, 200 
(ref. 42), 201. 203, 205 (ref. 18), 206 (ref. 
28), 208 (ref. 28), 210-212, 215 (ref. 28). 
216, 222 (ref. 28), 223-225, 227 (ref. 42), 
228 (ref. 42), 239 (ref. 47), 248, 240 
Johnson, W. H., 280 (refv 212), 287 
Jones, 65 (ref. 5), 105 
Jones, H. B., 336 (ref. 88), 347 
Jones, M. S., 342 (ref. 100), 3^7 
.lorgensen, A., 350, 385 
Jorpes, E., 24 (ref. 49), 33 
Josephson, E. 8., 46 (ref. 58), 47 (ref. 58), 49 
(ref. 58), 50. 52 (ref, 58), 53 (ref. 58). 62 
Joslyn, M. A., 162 (ref. 85), 180, 356, 357, 
381, 384, 384 

Jowett, M.. 215 (ref. 107, 108), 250 
Jsajewic; V., 113, 135 

Jukes, T. H., 256, 259, 262, 263, 265, 269, 
270, 277 (ref. 202). 281-286 

K 

Kahlenberg, O. J.. 270 (ref. 146), 271 (ref. 
146), 272 (ref. 146), 273 (ref, 172), 277 
(ref. 172), 285, 286 

Kahler, H., 316 (ref. 12, 13), 317 (ref. 12), 
336 (ref. 12), 345 
Kalckar, H., 238, 241, 261 
Kalckar. H. M., 131 (ref. 25). 134, 154 (ref. 
42, 99), 155 (ref. 99), 157, 169 (ref. 43), 170 
(ref. 43, 97), 174 (ref. 97), 185, 186, 238 
(ref. 153), 243 (ref. 153), 251 
Kaimanson, G., 30 (ref. 60), 33 
Kamen, M. D., 162 (ref. 202), 189, 241 (ref. 
166), 252 


Kapeller- Adler. 94 (ref. 90), 107 
Kassell, 67 (ref. 17). 99. 105, 108 
Katz, 72 (ref. 47), 100 
Kausehe. 103 (ref. 120), 108 
Kay. 11. D., 332 (ref. 64. 65), 342, 346, 347 
Kayscr, E., 368, 378, 386 
Keenan, J. A., 255, 281 
Keilin, 1)., 144, 147, 148, 179 (ref. 100), 186 
Kekwick, 70 (ref. 35), 100 
Kelly, E., 290j (ref. 4). 307 (ref. 57), 311, 
312 

Kclteh, A. K., 168, 187 
Kendall, E. C , 47 (ref. 88), 49 (ref. 88), 02 
Kennedy, E.. 271 (ref. 150), 285 
Kenney, J. M., 332 (ref. 67), 347 
Kcnsler, C. J., 309, 313, 316 (ref. 14), 346 
Keroaztesy, J. (^, 257, 258 (ref. 42), 259, 260 
(ref. 42), 282, 303 (ref. 45). 312 
Kerly, M., 157 (ref. 102), 187 
Kerr. St. E., 110, 134 
Kibriek, 100 (ref. HD.fO^ 

Kiese, M., 47 (ref. 64), 57, 02 
Kiessling, W., 127—130, 131 (ref. 43), 134, 
152 (ref. 134). 153 (ref. 134), 160 (ref. 103), 
187 

Kik, M. C., 336 (ref. 86), 342 (ref. 86), 347 
Kilmer, G. W., 298 (ref. 39, 40), 302 (ref. 
39) 31 2 

Kimball, G. E., 39 (ref. 8), 40 (ref. 8), 58 
(ref. 8), 60 

Kingery, L. B., 263 (ref. 81), 283 
Kinosita, R., 316 (ref. 27), 346 
Kiahi, S., 316 (ref. 20, 24), 317 (ref. 31, 33, 
.37, 38), 326 (ref. 48), 345, S40 
Klebs, E., 137, 147 

Klein, G., 336. (ref. 78') , 338 (ref. 78), 347 
Kleinzeller, A., 193 (ref. 9), 204 (ref. 62), 206 
(ref. 81), 207 (ref. 81), 214 (ref. 105), 224 
(ref. 81), 237 (ref. 81), 239 (ref. 81), 240 
(ref. 62), 242, 243 (ref. 105), 248-250 
Klemperer, F. W., 175 (ref. 182), 188 
Klempner, W., 183 (ref. 101), 180 
Kline, A. A., 292, 5i/ 

Kline, O. L., 255, 256, 281 

Klotz, A. W., 261 (ref. 67), 280 (ref. 67), 283 

Kluyvcr, 367 

Knight, C. A., 32 (ref. 53), 33, 103 (ref. 122), 
108 

Knoop, F., 200, 206, 221, 227, 228 (ref. 82), 

249, 260 

Knox. W. E., 162 (ref. 74), 165 (ref. 74), 186, 
211 (ref. d3),2^5,260,251 
Koch, A., 380, 

Kogl, F., 290-292, 294, 296 (ref. 2, 28, 36), 
300, 311,312 
K6hler, A., 7, 8, 29, S3 
Koehn, C. J., 254, 281 
Kohn, M., 257, 282 
Korr, I. M., 173 , 187 
Kosor, 8. A., 266, 280 ^rof. 219), 284, 287 



394 


AUTHOB INDEX 


Kossel, A., 3, 4, 13, 14, 16, 18, 19, 32, 71 
(ref. 40), 94 (ref. 93), 106 , 108 
Krahl, M. E., 168, 187 
Kramer, E., 370, 378 , 385 
Krampitz, L. O., 162, 165 (ref. 106), 187, 205, 
£49 

Kratky, 72 (ref. 46), 74, 106 
Kraus, J., 245, £5£ 

Krauskopf, E. J., 280 (ref. 215), £87 
Krebs, H. A., 162 (ref. 109), 167, 168, 187, 
193 (ref. 8), 194 (ref. 10), 195 (ref. 18), 196 
(ref. 10, 18, 21), 199, 200 (ref. 18, 42), 202 
(ref. 18 ), 203, 204, 205 (ref. 10, 18. 73, 74), 
206 (ref. 10, 18, 28, 73, 81), 207 (ref. 81), 
208 (ref. 8, 28, 84), 209 (ref. 8), 210-214, 
215 (ref. 28), 216,aig2 (ref. 28), 223-225, 
227, 228 (ref. 42, 135), 229 (ref. 135), 230 
(ref. 137), 235 (ref. 18), 236 (ref. 125), 237 
(ref. 81), 239 (ref. 81), 240 (ref. 18, 73), 245 
(ref. 180, 182), 248-£6£, 321, 346 
Kringstad, H., 186, 271 (ref. 162^ 

Kritzmann, M. G., 215, £60 
Kubowitz, F., 179 (ref. 214), 183 (ref. 110), 
187, 189 
Kuhn, 70 , 106 
Kuhn, D., 147 (ref. 23). 148 
Kuhn, R., 48 (ref. 39), 61, 255, 258, 259, 261, 
264 (ref. 11), 265, 280 (ref. W), £81, £8£, 
290 (ref. 10), 292 (ref. 10), 293 (ref. 10), 311 
Kuiken, K. A., 315 (ref. 4), 321 (ref. 4), 346 
Kunitz, M., 11, 33, 42 (ref. 32), 61 
Kunz, R., 380, 386 
Kuriyama, 72 (ref. 46), 74, 106 
Kutscher, W., 330, 336 (ref. 83), 338, 343 
(ref. 59), 346, 347 

L 

Laborde, J., 371, 374, 382, 386 
Lackman, D. B., 17 (ref. 77), 24 (ref. 79), 30 
(ref. 79). 54 
Lafar, F., 350, 386 
Lagermark, L. v., 215 (ref. 11), 250 
Laidler, K. J., 37, 38, 39 (ref. 5), 40 (ref. 5), 
44 (ref. 5), 60 

Laki, K.. 46 (ref. 79), 55, 62, 199 (ref. 33), 
204, £48, 249 

La Mer. V. K., 39, 44. 60, 61 
Lampen, J. O., 292 (ref. 29), 305, 311 
Landquist, N. S., 277 (ref. 200), £86 
Landstrdm-Hyd6n, H., 26 (ref. 20), 3£ 

Landy, M., 292 (ref. 26). 308, 311, 312 
Lane. R. L., 263 (ref. 98), 280 (ref. 98), 281 
(ref. 98), £84, £86 
Langecker, H., 200 (ref. 36), £48 
Laser. H., 183 , 187 

Laszlo, D.. 274 (ref. 189), 275 (ref. 189), £86 
Laughlin, W. J., 44 (ref. 34), 61 
Laurence, W. L., 309 (ref. 65), SIS 
Laurin, I., 67 (ref. 66), 62 
Lavin, G. I., 29 (ref. 46,^3), 33, 34 


Lawrence, J. N., 336 (ref. 88), 347 
Lawson, E. J., 268, 265, £84 
Lease, J. G., 290, 307 (ref. 7, 67), 311, 312 
Leavenworth, C. S., 241 (ref. 167), £62 

T 991 

Lechyckk, M., 264 (ref. 107), £84 
Lederer, E., 290 (ref. 10), 292 (ref. 10), 293 
(ref. 10). 311 
Lee, J. G., 270, £86 

Lehmann, H., 162 (ref. 116), 166, 166 (ref. 
148), 176, 177 (ref. 112), 187, 188, 239 
(ref. 158), £61 

Leiner, G., 183 (ref. 116), 187 
Leloir, L. F., 195 (ref. 16), 216 (ref. 109). 
£48,260 

Lemberg, R., 147 , 148 

Lepkovsky, 8., 266 (ref. 19), 263, 269, £81- 
£84, £86 (ref. 191) 

Lepp, A.. 256 (ref. 21), 271, £81, £86 
Leuchtenberger, C., 274 (ref. 189), 276 (ref. 
189), £86 

Leuchtenberger, R., 274 (ref. 189), 276 (ref. 
189), £86 

Levene. P. A., 3, 6, 7, 14. 16, 32, S3 
Levine, R., 180 , 186 
Lewis. K. H., 280 (ref. 222), £87 
Lewisohn, R., 274, 276 (ref. 189), £86 
Libet, B., 239 (ref. 165), £61 
Light, A. E., 264 (ref. 107), £84 
Lilienfeld, L.. 14, S3 
Linderstroem-Lang, 110 
Lineweaver, H., 47 (ref. 77), 49 (ref. 75, 77). 
62 

Linossier, G., 138 , 148 

Lipmann, F.. 162, 156, 167, 164 (ref. 117), 
165, 171, 176, 187, 210, 227, 232, 238 (ref. 
153), 243, £60~£6£ 

Lippincott, 8. W., 274, 275, 280 (ref. IS2), £86 
Lipton, M. A., 165 (ref. 24), 167 (ref. 183), 
171 (ref. 20), 173 (ref. 24), 186, 188, 196 
(ref. 31), 199, 219 (ref. 31), 235, £48 
Lockwood, L. B., 163 (ref. 120), 187 
Lodder, J., 350, 353, 386 
Loebel, R. O., 163 (ref. 121), 187, 227, 244 
(ref. 134), £61 

Lohmann, K., 131 (ref. 28, 29, 42), 134, 162 
(ref. 123, 126, 136-138), 154, 165 (ref. 
126, 136), 166 (ref. 135), 165 (ref. 127), 
178 (ref. 122), 187, 219 (ref. 118), £60 
Long, C., 210, £60 

Longsworth, L. G., 68 (ref. 19), 106, 305 (ref. 

49), 306, 312 
Looflx)urow, J., 7, 33 
Looney, 94 (ref. 96), 108 
Lorens, E., 329, 346 
Loring, H. S., 30 , 33 
Lowndes, 71 (ref. 38), 106 
Lucas, F. F., 8, 33 
Luchetti, G.. 366 , 386 
Lugg, 66 (ref. 16), 106 



AUTHOR INDEX 


395 


Lunde, G.. 271 (ref. 162), 186 
Lundgren, 72 (ref. 51), 106 
Lundsgaard, E., 163 (ref. 128),. 157, 244 (ref. 
178), 252 

Lundsteen, E., 343 (ref. 107), 348 
Lyman, C. M., 162 (ref. 23), 165 (ref. 23, 24). 
166, 171 (ref. 20), 173 (ref. 24). 174, 186, 
210 (ref. 89), 260, 253 (ref. 1), 254, (ref. 3), 
255 (ref. 1), 256 (ref. 1). 263 (ref. 1). 264 
(ref. 1. 3), 265 (ref. 3), 279 (ref. 1), 280 
(ref. 1), 281 
Lynen, F., 240, 262 

Lythgoe, B., 2M (ref. 8, 9), 256 (ref. 8, 9), 261 
(ref. 69). 281, 283 

Lyubimova, M. N., 86 (ref. 78), 107, 154 
(ref. 59), 155 (ref. 59), i 55 

M 

Maase, C., 215 (ref. Ill), 260 
McAlister, E. D., 256 (ref. 29), 282, 292 
(ref. 16), 311 

Macallum, A. B., 247, 262 
MacArthur, 88-90 , 107 
McBride. J. H., 113 , 136 
McBurney. C. H., 254 (ref. 3), 263 (ref. 80), 
264 (ref. 3), 265 (ref. 3), 266 (ref. 80), 280 
(ref. 80), 281, 283 

McClung. L. S., 285, 352, 353, 355, 356, 379, 
386 

McCoy, E., 280 (ref. 215), 287 
McElroy, L. W., 272 (ref. 171), 277, 280 (ref. 
199), 286 

MacFadyen, 94 (ref. 94), 108 
McFarlane, A. S., 29 (ref. 62), 33 
Macfarlane, M. G., 29 (ref. 62), 33, 157 (ref. 
131). 158 , 187 

McGowan, G. K.. 239 (ref, 156), 261 
McHenry, E. W.. 308, 313 
Mcllwain, H.. 257 (ref. 39), 280 (ref. 218), 
282, 287 

Macinnes, 68 (ref. 19), 106 
Mclntire, J. M., 263, 272 (ref. 166), 283, 286 
McKibbin, J. M., 275, 276 (ref. \m),286 
McKinley, W. A., 306, 312 
Maclagen, N. F., 343 (ref. 104), 347 
McLean, R., 331 (ref. 63), 332 (ref. 63), 334 
(ref. 63), 342 (ref. 63), 343 (ref. 63), 346 
McMahan, J. R., 263 (ref. 94). 265 (ref. 116), 
283 r 284, 304 (ref. 46), 312 
Macrae. T. F., 254 (ref. 8, 9), 256 (ref. 8. 9), 
261 (ref. 69), 272 (ref. 170), 281, 283, 286 
Madden, R. J., 275 (ref. 190), 286 
Magee, J. L., 42 (ref. 95), 44 (ref. 95). 62 
Maggiora, A., 378, 386 
Magnes, J., 239 (ref. 160), 261 
Mahdihassan, S., 5 (ref. 33), 13 (ref. 33), 23. 
S3 

Maier-Leibnitz, H., 187 
Major, R. T., 257-259. 282 


Malann, M., 163 (ref. 14), 184 
Man, T. F. de, 296 (ref. 36), 300, 312 
Manoeau, E., 378 , 386 
Mann. P. J. G., 157 , 187 
Mann, T., 131 (ref. 54), 136, 144, 148, 179 
(ref. 100), 186 
Marenzi, 69 (ref. 24), 106 
Mark, H., 72 (ref. 46), 74. 75. 106, 107 
Markell, E. S., 160 (ref. 79), 186 
Marks, G. W., 42 (ref. 28), 61 
Marsh, G. L.. 384 , 386 
Marshak, A., 14 (rel. 59), 33 
Maraland, D., 42 (ref. 31, 94), 44 (ref. 31, 
94). 47 (ref. 31), 49 (ref. 31), 61, 62 
Marston, 77 (ref. 60), 107 
Martin, 74 (ref. 54), 77, 78, 83, 106, 107 
Martin. G. J., 272, 274, 286 
Martinand, V., 381, 386 
Martius, C., 200-202, 206, 227, 228 (ref. 82), 
230, 237 (ref. 150), 249, 261 
Marwick, 72 (ref. 48, 49), 106 
Masayama, T., 316 (ref. 9, 15), 317 (ref. 9, 
15), 346 

Maschmann, E., 336 (ref. 81), 347 
Maver, M. E., 316 (ref. 23), 341, 346, 347 
May.B. L.,259 (ref. 60), 55;^ 

Mayer, P., 205 (ref. 75), 249 
Maz6, P., 371, 378, 386 
Mazia, D., 20 , 33 
Medvedfev, G., 59 (ref* 76), 62 
Mekeska, L. A., 5 (ref. 55), 33 
Melnick. J. H., 183, 188 
Melville, D. B., 289, 290, 291 (ref. 1, 13, 14), 
293 (ref. 14, 30), 294 (ref. 14, 31), 295 (ref. 
31), 296 (ref. 33, 34), 297 (ref. 37, 38), 298 
(ref. 39), 300 (ref. 41), 301, 302 (ref. 39, 42, 
43), 303 (ref. 45), 307 (ref. 56), 311, 312 
Menke, W., 27, 29, 33 
Merz, K. W„ 333 (ref. 69), 347 
Meyer, C. E., 256 (ref.J28), 257 (ref. 36), 282 
Meyer. 137 , 147 

Meyer. K. H., 72 (ref. 46), 74, 75, 106, 107, 
112, 114, 116 (ref. 40), 119, 121, 123 (ref. 
38), 124, 126, 127, 129, 132, 134, 228, 261 
Meyerhof, B., 169 (ref. 12), 184 
Meyerhof, 0., 131 (ref. 29, 42-44), 134, 
151, 152 (ref. 126, 132, 134, 130-138), 153 
(ref. 134), 154 (ref. 136), 155 (ref. 135), 
156, 174, 187, 193, 198, 200 (ref. 23), 211 
(ref. 3). 219, 227 (ref. 129), 239, 240, 246, 
248, 261, 262 

Michaud, L., 215 (ref. 110), 260 
Mickelsen, O., 254, 263, 281, 283 
Mider, G. B., 316 (ref. 10, 23), 320 (ref. 10), 
327 (ref. 10, 52). 328 (ref. 10, 52), 336 
(ref. 10, 52), 345, 346 
Miescher, F.. 3, 4, 13-15, 32 
Militzer, W. E., 280 (ref. 222), 287 
MiUer, 97 (ref. 106), 108 
Miller. H. E., 201 (ref. 50), 249 



306 


AUTHOR INDEX 


MiUs. R. C.. 265 (ref. 120), 271 (ref. 147), 
£84, 292 (ref. 27), 308 (ref. 61), 311, SIS 
Milovidov, P., 6 (ref. 66), 33 
Minnibeck, 94 (ref. 92), 107 
Mirski, A., 160 (ref. 143), 187 
Mirsky, 82 (ref. 77), 107 
Mirsky. A. E., 13 (ref. 67), 16 (ref. 67), 16 
(ref. 67), 17 (ref. 67), 18 (ref. 67), 19 (ref. 
66, 67), 20 (ref. 67), 30 (ref. 67). 33, 43 
(ref. 18). 44. 61 
Mirsky, I. A., 247, £62 

Mitchell. H. K., 266 (ref. 28, 33), 267 (ref. 
33. 35, 36), 258 (ref. 49), 269, 260, 261 (ref. 
33, 66), 262 (ref. 72), 263 (ref. 101), 264 
(ref. 33, 35). 265 (ref. 116), 280 (ref. 36. 
207, 208, 223), 282-284, 286, 287 
M6hle, W., 174 (nil|^139). 187 
MoeUer, 66 (ref, 6), 105 
Mailer, E. F., 280 (ref. 216), 287 * 
Moelwyn-Hughes, E. A., 37, .39, 43, 44 (ref. 

U),4S,60,61 
Maslinger, R., 380, 386 
Moitessier, J., 146, 148 
Moore, M. B., 259, 282 
Moore, R. C., 271. 286 
Morgan, A. F., 266 (ref. 24), 270. 271, 276 
(ref. 26), 276. 281, 286, 286, 384, 386 
Morgan. E. J., 176, 177 (ref. 87), 186 
Morgulis, S., 42 (ref. 33), 61 
Mori, T.. 6 (ref. 66), 33 
Morris, H. P., 274, 275, 280 (ref. 182),-;J5tf 
Moser, R., 256 (ref. 27), 282 
Moser, W., 280 (ref. 213), 287 
Mosher, W. A., 263 (ref. 81). 266 (ref. 124), 
280 (ref. 124), 283, 284 
Moyer, A. W., 302 (ref. 43), 312 
Mosingo, R.r303 (ref. 46), 312 
Mrak, E. M., 351-363, 366, 366, 386 
MtOler, D., 164 (ref. 144), 108 (ref. 144), 187, 
200 (ref. 37), 248 

MueUer, J. H., 261 (ref. 67), 280 (ref. 67), 283 
Mttller-Thurgau, H.. 356, 368, 368, 370, 371, 
374, 376-378, 380, 386 
Muller, H. J.. 4, 34 
Munekata, H.. 163 (ref. 176), 188 
Mushett, C. W., 262, 271 (ref. 161), 283, 286 
Myrbftck, K., 121, W 

N 

Nakahara, W.. 316 (ref. 20. 24, 25), 317 (ref. 

31. 33, 37, 38), 326 (ref. 48), 346, 346 
Nakashima, T., 183 (ref. 146), 187 
Nassauer, M., 201 (ref. 49), 240 
Nasset, E. S., 276, 2^6 

Neber, M., 246 (ref. 183), 262, 336 (ref. 87). 
347 

NociuUah, N., 240, 262 
Needham, D. M., 164 (ref. 147), 166 (ref. 
147), 166, 174 (ref. 72), 184, 186, 188, 211 
(ref. 92), 260 


Needham, J., 239 (ref. 168), 261 
Negelein, E., 134, 142, 147, 148, 162 (ref. 

161), 167, 179 (ref. 163, 154), 188, 236, 261 
Nelson, J. M., 66 (ref. 61), 67 (ref. 67), 6$ 
Nesbett, F. B., 176 
Neubeck, C. E., 168 , 187 
Neuberg, C., 161, 162 (ref. 166). 174. 188, 
202, 219, 249 

Neuberger, 97 (ref. 107), 108 
Neumann, F., 6 (ref. 69), 34 
Neustadter, V., 267, 282 
Ney, L. F., 267 , 282 

Nicolet, 71 (ref. 39), 74 (ref. 63), 94 (ref. 96), 
106, 108 

Niehaus, C. J. G., 366, 361, 371, 374, 386 
Niel, C. B. van, 162 (ref. 202), 189 , 367 
Nielsen, ]^, 271 , 286 

Niemann, M, 66 (ref. 7), CO, 68, 69 (ref. 26), 
74 (ref. 7), 91, 106, 106 
Nier, A. O., 167 (ref. 219), 176 (ref. 219), 189, 
214, 225 (ref. 101), 228, 229, 232 (ref. 101), 
260 

Nilsson, R., 168, 188, 292 (ref. 23), 311 
Nobles, H.. 384, 386 

Noid, F. F.. 49, 62 , 131 (ref. 47), 134, 160 , 188 
Nordba, R., 199 (ref. 32), 219 (ref. 32), 248 
Nordfeldt, E., 67 , 62 
Norris, E. R., 274, 286, 342 (ref. 97), 347 
Norris, L. C., 266 (ref. 20), 265 (ref. 20, 119), 
269, 270 (ref. 138), 281, 286 
Northrop, J. H., 30 (ref. 70). 34, 43, 67, 61- 
Nosaka, K., 47 (ref. 84), 62 
Nowinski, W. W.. 166 (ref. 149, 160), 188, 239 
(ref. 168), 261 


O 

Oakley, H. B., 116 
O’Brien, J. R., 270, 286 
Ochoa, 8., 166 (ref. 160), 166, 169, 170, 184, 
188, 239 (ref. 167), 261 
5rstram, A., 212, 260 
ttrstram, M.. 212, 260 
Ostberg, O., 234 (ref. 143), 261 
Ohlmeyer, P., 174 (ref. 139), 187 
Ohlsson, E., 121, IS 4 
O’Kane, D. J., 169 (ref. 162), 188 
Oleson, J. J., 261 (ref. 70), 271, 283, 286, 308 
(ref. 61), 313 
Onslow, M. W., 382, 386 
Oppenheimer, C., 42 (ref. 30), 48 (ref. 30), 61 
OiT, J. W., 324, 346 
Osborne, T., 23, 34 

Ostem, P., 130, 131 (ref. 61, 64), 134, 1S6, 
162 (ref. 163, 166), 166 (ref. 166), 167 (ref. 
164), m 

Osterwalder, A., 366-358, 368, 370, 371, 374- 
378, 380, 386 
Overman, R., 273 , 286 



AUTHOR INDEX 


397 


p 

Pace, J., 43 (ref. 24), 44, 61 
Pack, G. T., 330 (ref. 68), 380 (ref. 79), SJ,C>, 
W 

Paoottet, P., 366, 368, 371, 372, 374. 378, 381. 

382, ^6 
Pacau, 79 , 107 
Painter, T. S., 29, 34 
Palmer, 100 (ref. Ill), 108 
Parke, H. C., 268, 266, 284 
Parker, 94 (ref. 103), 108 
Parks, G. S., 160 (ref. 166), 188 
Parnas, J. K., 124, 127, 131 (ref. 54), 134, 
136, 161, 162 (ref. 166), 156 (ref. 106), 188, 
198 (ref. 23), 200 (ref. 23), 233 (ref. 142), 
236, 248, 261 

Parsons, H. T., 290, 307 (ref. 7. 67). 311, 312 
Pasteur. Louis, 160, 181, 188, 360, 362, 360 
364, 368, 371, 377, 378, 380, S8fl 
Pauling, 102, 108 
Pauling, L., 44, 61 

Pearson, P. B., 263, 264. 269, 270 (ref. 134), 
277, 281 (ref. 104), 283-285 
Pease. R. N., 36 (ref. 2). 60 
Pedersen, K. O., 14, 34, 67 (lef. 16), 68 (r♦'^ 
18). 70 (ref. 16. 36), 97 (ref. 16). 99 (ref. 
16), 106, 106 
Pederson, C. S.,'372, 386 
Pedlow, J. T., 168, 188 
Pelcsar, M. J., Jr., 264, 260 (ref. 110), 277, 
280 (ref. 110, 111), 284 
Pennington, D., 264, 266 (ref. 116), 208 (ref. 
129), 270 (ref. 136), 273 (ref. 175, 178), 275 
(ref. 176), 280 (ref. 105, 178), 284-286, 
307 (ref. 63), 312 
Perdigon, E., 166, 187, 239, 252 
Perlmann, G. E., 343, 347 
Perlzweig, W., 168 (ref. 108), 188 
Peroncito, C., 378, 386 
Perutz, 70 (ref. 30), 102, 106, 108 
Peters, R. A., 166, 170 (ref, 13), 18^ 239 
(ref. 166, \57), 261 

Peterson. W. H., 264, 256, 258, 262 (ref. 50), 
263, 264, 280 (ref. 0, 82), 281-283, 292 
(ref. 29), 306, 311 
Pfankuch, 103 (ref. 120), 108 
Pfliiger, E. F. W., 110, 111, 113, 132, 133 , 136 
Phaff, H. J., 364, 386 

Phillips. P. H., 269, 271 (ref. 147), 277, 284- 
286. 

Piekarski, G., 6 (ref. 73), 34 
Pine, 103 (ref. 121), 108 
Plass, M., 168 (ref. 2), 184, 195. 202 (ref. 19), 
248 

Platt, M. E., 336 (ref. 82), 347 
Plimmer, 71 (ref, 38), 106 
Podgorny, A., 361, 366, 386 
Poling, C, E., 266, 271 (ref. 164, 165), 272 
(ref. 168), 273, 274 (ref. 155), 281, 286 


Pollack, M. A., 263 (ref. 97, 103), 284 
Pollack, M. S., 341, 347 
Pollister, A. W., 13 (ref. 67), 15 (ref. 67), 16 
(ref. 67), 17 (ref. 67), 18 (ref. 67), 19 (ref. 
67). 20 (ref. 67), 30 (ref. 67), 33 
Poison, A., 136 

Pons, L., 292 (ref. 28), 294 (ref. 28), 296 (ref. 
23), 311 

Porchet, Berthe, 357-359, 386 
Porter, J. R., 264, 266 (ref. 110), 277, 280 
(ref. no, n \),284 

Potter, V. R., 237 (ref. 151). 261, 315 (ref. 2), 
310 (ref. 17). 322 (ref. 2), 346 
Pratt, E. F.. 266 (ref. 33), 267 (ref. 33), 261 
(ref. 33). 264 (ref. 33), 266, 280 (ref. 126), 
282, 284 

Preobrasheiisky, N. H., 202 (ref. 51), 249 

Press, J., 121 (ref. 37), 132 , 134 

Price, D., 259 (ref. 60), 282 

Prostdosserdow, N. N., 361, 363, 386 

Przylecki, St. J., von, 132, 1S6 

Pucher. G. W., 169 (ref. 169). 188, 241, 262 

Punnett, 278 

Purr. A., 336 (ref. 76), 347 

0 

Quarles, E., 270, 286 

Quastel, J. H., 167, 167, 178 (ref. 96), 186- 
188, 194 (ref. 12), 204, 215 (ref. 107, 108), 

248-260 

R 

Rachele, J. R.. 294 (ref. 31), 295 (ref. 31), 312 

Haehlmann, E., 113, 135 

Rahn, O., 351, 386 

Ralli, E. P., 271 (ref. 160), 286 

Randall, F. Em 264 (ref. 106), 284 

Rane, L., 260, 280 (ref. 61, 220, 221 ), 282, 287 

Rapkine, L., 176, 177, 188 

Rapport, D., 246 (ref. 186), 262 

Ratner, S., 246 (ref. 181), 262 

Rauen, H., 200, 241 (ref. 39), 248 

Record, B, R., 115 , 133 

Rees, 69 (ref. 29), 106 

Reich, H., 265, 284 

Reich, W. S., 113 , 136 

Reiohstein, T., 267, 268, 260-262, 266, 282- 
284 

Reiner, L., 168 , 188 
Remmert, L. F., 245, 262 
Reuter, A., 342 (ref. 98). 347 
Rhoads, C. P., 309, 313, 310 (ref. 14). 336 
(ref. 79). 346, 347 
Richards, G. V.. 272, 273, 286, 286 
Richardson, L. R., 272 (ref. 169), 286 
Richert, P. H., 369 , 386 
Riley. 90 (ref. 106), 101, 108 
Rinehart, J. F., 177 (ref. 76), 186 
Ringer, M., 202, 249 
Ringrose, A. T.. 256 , 281 



398 


AUTHOR INDEX 


Rivers. T. M., 29 (ref. 45). 33 
Roberts, R. E.. 265 (ref. 118), ^84 
Robertson, W. v, B., 316 (ref. 12), 317 (ref. 

12^, 336 (ref. 12), 346 
Robinow, C. F., 6 (ref. 74), 34 
Robinson, J. N.. 343 (ref. 106), 347 
Robison. R., 332 (ref. 68). 347 
Robkind, I.. 42 (ref. 33). 01 
Rodebush. W. H., 39, 61 
Roehm, R. R., 266 (ref. 20), 282, 292 (ref. 
16),5fi 

Rohdewald, M., 132, 133. 136 
Rohrman. E., 254 (ref. 3), 256 (ref. 28, 34), 
257 (ref. 36), 259 (ref. 34, 59), 263, 264 
(ref. 3). 265 (ref. 3). 266 (ref. 124), 280 
(ref. 124, 209), 281-284. 280 
Roloff, M., 245 (refmi), 262 
Rooy, de, 72 (ref. 47), 106 
Rose, C. S., 289, 290 (ref. 1), 291 0*ef. I, 13), 
305 (ref. 48), 307 (ref. 54, 55), 311, 312 
Rosenbohm, A., 336 (ref. 80), 347 
Rosenthal, E., 336 (ref. 74), 347^ 

Rosenthal, O., 179 (ref. 173), 188 
Ross, 103 (ref. 123), 108 
Rossenbeck, H., 4 (ref. 34), 5 (lef. 34), 23 
(ref. 34), 33 

Rouiller, C. A., 179 (ref. 1), 184 
Ruben, S., 162 (ref. 38, 202), 180, 241 (ref. 
166), 262 

Rudall, 72 (ref. 42, 43, 49), 100 
Runne, E., 271 (ref. 153), 286 
Ruska, H., 103 (ref. 120), 108, \ 13, 136 
RusBelin. A., 276, 286 

S 

Sacks. J., 157, 188 
Saidell, 74 (ref. 53). 106 
Sakaguti, K., 163 (ref. 175), 188 
Salmon, W. D.. 271 (ref. 148), 286 
Salomon. K., 272 (ref. \7\),286 
Salter, 86 (ref. 82), 107 
Salter. W. T., 322 (ref. 18), 329 (ref. 18), 346 
Samec, M., 113, 121,135 
Sampson, W. L., 272, 285 
Sandsa, J. G., 274, 275, 286 
Sannino, F. A., 374, 386 
Sauer, H. R., 343 (ref. 108, 112), 348 
Saunders, D. H., 256 (ref. 30), 263 (ref, 81), 
279 (ref. 30), 282, 283 
Saunders, F., 280 (ref. 219), 287 
Sayun, M., 110, 136 
Schaad, 94 (ref. 103), 108 
Schaefer, A. E.. 275, 276 (ref. 192), 286 
Schaffner, A., 127, 129 , 135 
Schanderl. H., 361, 363, 386 
Schenk, J. P.. 327 (ref. 50), 346 
Scherp, H. W., 27 (ref. 42), 33 
Schersten, B., 234 (ref. 143), 261 
Schlesinger, Max, 30 (ref. 75, 76), 34 
Schmidt. G., 127 (ref. 10). 128 (ref. 10). 133 


Schmidt, W. J., 20 (ref. 80), 34 

Schmitt. 95, 108 

Schmitt, G., 160 (ref. 49), 186 

Schneider, F., 341 (ref. 94), 347 

Schoenheimer, H., 156, 175, 188, 245 (ref. 

262,327 (ref. 49), 3^6* 

Schroeder, E. F., 3.36 (ref. 82), 347 
Schultz, J., 12, 25. 26, 28, 20, 32, 34 
Schultz, W., 156 (ref. 142), 187 
Schultze, M. O., 315 (ref. 3, 4), 321 (ref. 3, 4), 
346 

Schuster, P., 165 (ref. 127), 187 
Schwab, G. M., 40 (ref. 12), 01 
Schwartz, B., 46 (ref. 60), 55, 02 
Scott, M. L., 264 (ref. 106), 284 
Scott, W. W., 343 (ref. Ill), 348 
Searle, D. S., 158, 188 
Sebreli; W. H., 270, 286 
Seifert, W., 380, 380 
Sellei, C.. 179 (ref. 178). 188 
Semichon, L.. 368, 371, 374, 380 
Senter, G., 56, 62 
Sevag, M., 112, 113, 13.5 
Sevag, M. G., 17, 24 (ref. 79), 27 (ref. 78), 30 
(ref. 79), 34 

Shack, J., 316 (ref. ll), 322. 323, 336 (ref. 

11 ), 346 
Shaffer. 246 

Shaffer,' M., 183 (ref. 40), 186 
Sharp, 78 , 107 

Shaw. J. H., 271 (ref. 147), 286 
Shear, M. J., 319, S.^5 

Sherman, H. C., 47 (ref. 88), 49 (ref. 88), 62 
Shimkin, M. B., 344, 348 
Shinn, 71 (ref. 39), 94 (ref. 95), 100, 108 
Shopfer. W. H., 280 (ref. 213), 287 
Shorr, E., 163 (ref. 14). 184, 234 (ref. 145), 
261 

Shull, G. M., 292, 5i/ 

Signer, R., 14, 34 
Silber, R. H.. 276, 277, 286 
Silbel^isen, K., 112 , 136 
Silverman, M., 162 (ref. 180), 165 (ref. 179, 
180), 188 

Simmonds, S., 327 (ref. 50), 340 
Simms, H. D., 256 (ref. 25), 270, 275 (ref. 
25), 281, 285 

Simola, P. E., 163 (ref. 181), 188 
Simonovitz, S., Ill, 136 
Singal, S. A., 308 (ref. 58, 59), 312 
Sizer, I. W., 45, 46 (ref. 47-49, 56, 58). 47 
(ref. 43, 51, 58, 80), 48 (ref. 43), 49 (ref. 
43, 47. 48, 49, 58. 80), 50-52, 53 (ref. 47. 
49, 51, 58, 93), 54, 56, 59, 60 (ref. 56), 01, 02 
Slade, H. D., 200. 240 (ref. 45). 249 
Slotin, L., 167, 175, 186, 214, 228, 230, 250 
Smadel, J. E., 29 (ref. 45, 83), 34 
Smith, Bate, 79 

Smith, F., 123 (ref. 22), 124 (ref. 22), 134 
Smith. G. M., 316 (ref. 22), 346 



AUTHOR INDEX 


399 


Smith, S. G., 271 (ref. 152), 285 
Smits van Waesberghc, F., 127, 135 
Smolena, J., 17 (ref. 77), 24 (ref. 79), 27 (ref. 
78), 30 (ref. 79), 84 

Smyth, D. H., 194, 204, 206, 207 (ref. 81). 
208, 216 (ref. 11, 117), 224 (ref. 81), 237 
(ref. 81), 239. 240 (ref. 117), 248-250 
Smythe, G. V., 158, 188, 219, 250 
Snapper, I., 215 (ref. 112), 250 
Snell, E. E., 254, 255, 257 (ref. 35). 258-260, 
262, 263 (ref. 83, 94, 96), 264. 265 (ref. 
116), 268 (ref. 129), 269, 270, 280 (ref. 
35, 105), 281-286, 291, 292, 295, 304 (ref. 
46), 306, 307 (ref. 53, .54), Stl, 312 
Soares, M., 202 (ref. 54, 55), 249 
Sober, E. K., 316 (ref. 28), 320 (ref. 28), 325 
(ref. 28), 846 
Soerensen, M., 110, t35 
Solomon, A. K., 175.(rcf. 182, 203, 204), 188, 
189 

Somogyi, 127, 185 

Sonderhoff, R., 243 (ref. 173, 174), 252 
Soskin, S., 180, 186 
Spangler, J. M., 309, 813 
Speakman, 77 (ref. 64), 86 (ref. 79, 83), 107 
Specht, H., 127 (ref. 64), 129 , 185 
Spies, T. D., 264 (ref. 109), 276, 277, 279 
(ref. 202), 284, 286 

Sproiil, E. E., 331, 332 (ref. 61), 333 (ref. 61), 
.342 (ref. 61), 343 (ref. 61), 846 
Stadie, W. C., 247, 342 (ref. 100), 252, 847 
Stadler, L. J., 21. 22, 34 
Stanbery, S. R., 257 (ref. 36), 260 (ref. 35). 
264, 276 (ref. 202), 277 (ref. 202), 279 (ref. 
202), 280 (ref. 35), 282, 284, 286 
Stanley, R. H., 254 (ref. 9), 256 (ref. 9), 281 
Stanley, W. M., 30, 31, 32 (ref. 53), 88, 103 
(ref. 122), 108 

Stare, F. .T., 167, 193 (ref. 6), 188, 194 (ref. 

15) , 196 (ref. 31), 199, 216, 219 (ref. 31), 
222 (ref, 127), 223, 224, 235, 248, 251 

Stark, M. B., 8, 88 

Staudinger, M., 113, 118, 119, 124 , 185 
Steam, A. E., 42 (ref 15, 16), 43, 44, 48 (ref. 

16) ,. 57 (ref. 16), 58, 61 
Stein, 94 (ref. 89), 107 
Steinhart, J., 44, 61 
Stelling-Dekker, N. M., 350, 353, 886 
Stenhagen, E., 84 

Stern. K. G., 179 (ref. 184), 183 . 188 
Stem, L., 193, 198, 199, 203, 213 (ref. 5), 214 
(ref. 5), 223, 233 (ref. 141), 248, 249, 251 
Stevens, R. E., 343 (ref. 110), 848 
Stewart, F. W., 330 (ref. 58), 846 
Stewart, H. L.. 329, 3,30 (ref .45), 54^ 
Stickland, L. H., 167 (ref. 186>; 188, 324, 846 
StiU, J. L., 159 (ref. 187, 188), 188, 189 
Stille, B., 6 (ref. 86), 84 
StiUer, E. T., 267, 258 (ref. 42), 259, 260 (ref. 
42), 282 


Stockhausen, F., 112, 185 

Stoneburg, C. A., 14 (ref. 87), 84 

Stott, 86 (ref. 83), 107 

Straub, F. B., 205 (ref. 77), 249 

Street. 72 (ref. 44), 106 

Strong, F. M., 2.54, 255, 258, 260, 261 (ref. 

60), 263, 264, 280 (ref. 6, 91), 281-284 
Strong, L. C., 316 (ref. 22), 342, $45, 847 
Struve, H., 137, 147 

Stumpf, P. K., 128, 184, 160 (ref. 73), 186 
Subbarow, Y., 255, 256, 260, 271 (ref. 154), 
272 (ref. 168), 280 (ref. 61, 220, 221), 281, 
281, 282, 285, 287 

Subrahmanyan, V., 162 (ref. 83), 153 (ref. 

83), 179 (ref. 83), 186 
Subramaniam, V., 200 (ref. 34), 248 
Smirnann, H., 157 (ref. 189-191), 189 
Sugiura, K., 309, 818, 316 (ref. 14), 330 (ref. 

68), 845, 846 
Sumner, J. B , 179 , 189 
Supplee, G. C., 270, 271 (ref. 146), 272 (ref. 

146), 273, 277, 285, 286 
Sure, B., 336 (ref. 86), 342 (ref. 86), 847 
Sutherland, E. W.. 129 (ref. 73), 135, 174, 180 
(ref. 44). 185 

Svedberg, The., 14 (ref. 88), 84, 67 (ref. 16), 
68 (ref. 18), 70 (ref. 16, 34). 97 (ref. 16). 99 
(ref. 16), /06, iOt? 

Swedin, B., 144 , 148 
Sydenstricker, V. P., 308, 312 
Synge, 74 (ref. 54), 77, 78, 83. 106, 107 
Ssankowski, W., 236, 251 
Szent-Gyorgyi, A., 167, 189, 204, 206, 213 
(ref. 80), 216, 223-225, 236, 240, 249, 251 

T 

Tabenkiii, B., 163 (ref. 120), 187 
Takahashi, T., 163 (ref. 196), 189 
Tamiya, H., 164 (ref. 196), 168 (ref. 196), 189 
Tammann, G., 41, 61 
Tapadinhas, J., 202 , 249 
Tatum, E. L., 280 (ref. 214), 287 
Taussy, H., 234 (ref. 145), 251 
Taylor, A., 263 (ref. 94, 95. 97, 101-103), 
270, 273, 275, 280 (ref. 178), 283-286, 304 
(ref. AO), 812, 341,647 
Taylor, A. N., 29, 84 
Taylor, H. S., 40 (ref. 11), 50 (ref. 11). 61 
Taylor, J., 263 (ref. 98), 280 (ref. 98), 281 
(ref. 98), 284 
Taylor, L. W., 269, 284 
Taylor, T. C.. 113, 185 
Taylor, W. H., 70 (ref. 31), 88 (ref. 84), 106, 
107 

Teague, P. C., 94 (ref. 98), 108, 266, 280 (ref. 

126), 284 
Teorell, T., 84 

Terszakow^c, 131 (ref. 61), 134, 152 (ref. 163), 
188 



AUTHOR INDEX 


400 

Thacker, J.. 270 (ref. 136), 273 (ref. 176, 
178), 276 (ref. 176), 280 (ref. 178), $86, $86 
Thatcher, H. S., 336 (ref. 86), 342 (ref. 86), 
SA7 

TheoreU, H., 70, t06, 143, 144, 146 , 148 
Theron, C, J., 366, S86 
Thomas, H., 243 (ref. 174) $6$ 

Thomas, M., 172 (ref. 198), 189 
Thomas, Q., 199, $48 

Thompson, J. W., 316 (ref. 23), 317 (ref. 36), 
336 (ref. 36, 72), 337 (ref. 72), 338 (ref. 
73), 341 (ref. 93), 342 (ref. 72), S4S-S47 
Thompson, R. C., 263 (ref. 100), 280 (ref. 

100), $84i 304 (ref. 47), 31$ 

Thompson, R. C., Jr., 2^, $84 
Thorell, B.. 11, 26 , 33 

Thunberg, T., lOSf^-lOO, 217, 221, 223, 
234, 240 (ref. 27), $48, $61 
Tikka, J., 210, $60 
Tobgy, A. F., 8 (ref. 62), 33 
Todd, A. R., 264 (ref. 8, 9), 266 (ref. 8. 9), 261 
(ref. 69), $81, $83 
Todrick, 82 (ref. 77), 107 
Toeniessen, £>., 214, 221, 222, $60 
T5nnis, B., 290, 292, 294 (ref. 2), 296 (ref. 2), 
311 

Tomlinson, T. G., 163 (ref. 199), 189 
Torres, I., 166 , 189 
Townend, 77 (ref. 64), 107 
Townsend, R. F„ 343 (ref. 104), 347 
Trager, W., 280 (ref. 224), 281, $87 
Trautwein, K., 163 (ref. 200), 189 
Troescher, E. E., 342 (ref. 97), 347 
Trogus, 72 (ref. 46), 74 (ref. 46), 106 
Tniesdail, J. H., 263 (ref. 1), 264 (ref. 3), 266 
(ref. 1, 16), 266 (ref. 1, 28), 267 (ref. 36), 
263 (ref. 1), 264 (ref. 1, 3), 266 (ref. 3), 279 
(ref. 1), 280 (ref. 1), $81 
Tsai, Ch., 132 , 136 

Tschitsohibabin, A. E., 202 (ref. 61), $49 
Tsibakowa, E. T., 170 (ref, 28), 186 
Tupikova, N., 166 (ref. 69), 166 (ref, 69), 186 
Tytell, A. E., 63 (ref. 93), 6$ 

U 

Uber, F., 21, 22. 34 
Umbreit, W. W., 169 (ref. 162), 188 
Unna, K., 262, 271 (ref. 149, 161), 272. 273, 
276, 277, 279. $83, $86, $86 
Ussing, 66 (ref. 3), 69 (ref. 23). 94 (ref. 23), 
106 

Utter. M. F., 169 (ref. 201), 189 

V 

Van Herwerden, M. A., 24, 34 
Van Slyke, D. D.. 94 (ref. 94), 108 
Vaughn. R. H., 366-367, 374, 386 
Venkatesan, T. R., 241 (ref. 170). $6$ 


Vennesland, B., 162 (ref. 74), 166 (ref. 74), 
176 (ref. 182, 203, 204), 186, 188, 189, 211 
(ref. 93), 233, $60, $61 

Ventre, J., 360, 362, 363, 366, 362, 382, 383, 
386 

Vermehren, M., 343 (ref. 107), S4S 

Vernon, H. M., 146, 148 

Verona, O., 366,686 

Vestin, R., 167 (ref. 62), 186 

Vickery, 66 (ref. 8), 69 (ref. 27). 71 (ref. 27. 

37) , 74 (ref. 27, 66), 77 (ref. 66), 94 (ref. 
66), 106-107 

Vickery, H. B., 169 (ref. 169), 188, 241, $6$ 
Vigneaud, V. du, 97 (ref. 106), 108, 289, 290 
291 (ref. 1, 13, 14), 293 (ref. 14, 30), 294, 
296 (ref. 31), 296 (ref. 33-36), 297 (ref. 37. 

38) , 298 (ref. 39, 40). 300 (ref. 41), 301, 302 
(ref. 39, 42,. 43). 303 (ref. 46), 307 (ref. 
66), 309, 311-313, 327 (ref. 60). 346 

Virchow, 2 

Voisenet, E.. 377, 378, 386 
Voitinovici, 77 (ref. 69), 107 
Voss, T. A., 167 (ref. 191), 189 

W 

Wagner-Jauregg, T., 200, 241 (ref. 39), $48 
Waisman. H. A., 264, 266, 268, 263, 273 (ref. 

166), $81-$83, $86 
Wakeman, A. J., 241 (ref. 167), $6$ 
Waksman, S., 48 (ref, 36), 61 
Waldschmidt-Leits, E., 121 , 136 
Walker, 82 (ref. 77). 107 
Walker, T. K., 200, $48 
Warburg. O., 142, 147, 148, 161, 162 (ref. 211, 
213), 163, 164, 169, 160, 162, 164 (ref. 208, 
209), 166 (ref. 207, 210), 176, 179 (ref. 206, 
212-214), 189, 196, 198, 227, 244, $48, $61, 
320 (ref. 41), 336 (ref. 41), 346 
Ward, G. E., 163 (ref. 120), 187 
Warren, 94 (ref. 103), 108 
Warrick, F. B., 167 (ref. 76), 186 
Waterman, R. E., 266, 270, $81 
Weast, C., 366, 386 
Weber, H.. 47 (ref. 90), 6$ 

Wegner, M. I., 276, (ref. 198), 280 (ref. 197, 
198), $86 

Weidinger, 72 (ref. 42), 106 
Weigand, K., 163 (ref. 200), 189 
Weil. L., 336 (ref. 76), 347 
WeU.Malherbe, H., 167 (ref. 131), 176, 187, 
189, 194 (ref. 14), 197 (ref. 26), 203, 210, 
211, 214 (ref. 104), 216 (ref. 114), 222 (ref. 
123), 233, 246 (ref. 182), $48-$6$ 
Weinstock, H. H., Jr., 264 (ref. 3), 266 (ref. 
28, 33), 267 ^ef. 33, 36, 36), 268 (ref. 49). 
269, 260 (ref. 36), 261 (ref. 33), 264 (ref. 3. 
33, 36), 266 (ref. 3), 280 (ref. 36), $81, $8$ 
Welch,M.8.,227,j85f 

Werkmah. C. H., 169, 162, 163. 166 (ref. 106, 
179, 180). 167-169. 176 178, 187-189, 



AUTHOR INDEX 


401 


200. 205. 214, 22$ (ref. 101). 228, 229, 23!2 
(ref. 101), 240 (ref. 44, 46), 241 (ref. 44, 

Wertheim, M., 121, 1$4 
Wertheimer, E.,.160 (ref. 143), 187 
Wessely, L., 257, m 

West, P. M., 292, 307 (ref. 21). 309, 310, Sll, 
313, 317 (ref. 35), 320 (ref. 35), 346 
West, R. A., 280 (ref. 222), 287 
Westerfeld, W. W., 162 (ref. 74), 165 (ref. 

74), 186, 211 (ref. 93), 233, 250, 251 
Wheatley, A. H. M., 194 (ref. 12), 248 
Whetham, M. D., 204. 24^ 

White, 66 (ref. 8), 71 (ref. 37), 106, 106 
White, J., 316 (ref. 10). 319. 320 (ref. 8, 10, 
40), 322 (ref. 8), 327 (ref. 10), 328 (ref. 10), 
331, 336 (ref. 10, 71), 339 (ref. 71), 345-347 
Wieland, H., 206 (ref. 76), 243, 249, 252 
Wieland, T., 265, 268. 269, 261, 264 (ref. 11), 
265, 280 (ref. 11), 281, 282 
Wienbeck, J., 336 (ref. 84), 338, 347 
Wiens, A., 384, 386 
Wiggert, W. P., 159 (ref. 217), 189 
Wildiers, E., 255, 281 
Wiley, P. F., 259, 282 
Wille, F., 222, 251 
WiUiams, J.. 62 (ref. 78) 

WiUiams, R. J., 253 (ref. 1, 2). 254-260. 261 
(ref. 33), 262 (ref. 75), 263-266, 268 (ref. 
129), 276 (ref. 202), 277 (ref. 202), 278, 279 
ref. 1. 14, 30). 280, 281-284, 286, 290 
ref. 3), 291, 292, 295 (ref. 15), 304, 306, 
307 (ref. 54), 311, 312 
Williams, R. R., 255, 270, 271. 281, 286 
WiUst&tter, R., 47 (ref. 90), 62, 132, 133, 136 
Wilson, E. B., 2, 32 
Wilson, E. J., Jr., 79 6ief. 73), 107 
Wilson, P. W., 68 (ref. 68), 59 (ref. 68), 62, 
292 (ref. 24, 25), 311 
Winge, O., 6 (ref. 90), 34 
Wingler, A., 205 (ref. 76), 249 
Winkler, A. J., 384, 386 
Winkler, F., 138, 147 


Winnick, T., 42 (ref. 29), 61 
Wintersteiner, 0., 66 (ref. 4), 106^ 179 (ref. 

1 ). m 

Wislicenus, W., 201 (ref. 49), 249 
Woglom, W. H., 292, 307 (ref. 21), 309, 310, 
311, 313, 317 (ref. 36). 320 (ref. 35) 
Wolbergs, H., 330, 343 (ref. 69), 346 
Wolf, D. E.. 303 (ref. 45), 312 
Wolff, E., 121 (ref. 34), 134 
Wood, H. G.. 162, 163, 167-169, 175, 178, 
189, 214, 225, 228, 229, 232, 260 
Woodard, H. Q., 331, 332 (ref. 62, 67), 342, 
343 (ref. 62), 346, 3.^7 

Woods, A. M.. 263 (ref. 98), 280 (ref. 98), 281 
(ref. 98), 284 

Woods, H. J., 65, 72 (ref. 44), 106, 106 

Wooldridge, W. R., 167 , 188 

WooUey, D. W., 254, 256-262, 274, 280 (ref. 

62), 281-283, 286, 305 (ref. 49), 306, 312 
Worden, A. N., 272 (ref. 170), 285 
Work, C. E., 254 (ref. 8. 9), 266 (ref. 8, 9), 261 
(ref. 69), 281, 283 
Wright, E. Q., 264, 277, 284 
Wright, L. D., 263, 264, 267, 277, 283, 284, 
304 (ref. 46), 312 
Wright, Sewall, 1, 34 
Wulf, H. J., 179 (ref. 154), 188 
Wyckoff, 93, 95, 108 
Wyk, A. J. A. van der, 116, 135 
Wyndham, R. A., 147 , 148 

Y 

Yokayama, T., 316 (ref. 9, 16), 317 (ref. 9), 
336 (ref. 16), 345 

Young, F. G., Ill, 115, 122, 133, 134 
Young, N. F.; 309 (ref. 67), 313 

Z 

Zapf, F., 118 (ref. 71), 135 

Zeman, B., 263 (ref. 90), 283 

Zervas, L., 341 (ref. 94), 347 

Ziese, W.. 336 (ref. 78). 338 (ref. 78). 347 

Zschiesche, E., 261 (ref. 66), 283 



SUBJECT INDEX 


A 

Absorption spectra, biotin, 299 
cytoplasiA, 25, 26 * 
nucleic acids, 6-13, 21-23 
nucleus, 6-8 

Verdoperoxidase, 141-143, 146 
/S-Alanine, as cleavage product of pantothenic 
acid, 256-267 

physiological activity, 259-261 
in synthesis of pantothenic acidj 258-259 
Alcoholic fermentation, 349-360. See also 
Wine makino and YeaaU 
alcohol content obtained, 355-360 
role of SO* in, 357, 367-374 
sequence of microorganisms in, 351-352 
syruped fermentation, 359-360 
and temperature, 367-358 
Antiketogenesis, 246-247 
Arrhenius’ equation, 36-37, 39-41, 48-49 
Avidin, cause of egg white injury, 305-307 

B 

Biological oxidation of carbohydrates. See 
Carbohydrate metaboliem 
Biotin, absorption spectrum. 299 
antibiotin or avidin, 305-307 
assay procedures, 291-292 
bibliography, 311-313 
biochemistry, 289-292, 305-311 
and cancer, 309-311 
chemistry, 294-304 
crystallization, 294 
deficiency, 307-308 
elementary composition, 294 
free and bound biotin, 305 
functional groups, 295-296 
identity with vitamin H, 289-291 
isolation, 292-294 
occurrence in nature, 304-305 
optical activity, 294 
side chains, 296-298 
solubility, 294 
structure, 301-304 
sulfur ring, 300 
urea ring, 298-299 

Branching, of polysaccharide chains, 120, 126 

C 

Cancer. See Tumor emymoloay and En- 
tymee and enzyme components 


and biotin, possible relationship to, 309-311 

Cancerous growth, and changes in blood and 
serum, 341-344 
diagnosis of, 340-345 

Carbohydrate anabolism. ..See Carbohydrate 
metabolism 

Carbohydrate catabolism. See Carbohydrate 
metabolism 

Carbohydrate fermentation, 151-163. See 
also Carbohydrate metabolism 
adenosine and guanidine phosphates, role 
in, 154-156 

equilibrium of enzymatic glycogen hy- 
drolysis, 153-164 

glycogen, breakdown to pyruvate, 151-160 
phosphorylativo and non-phosphorylative 
fermentation, 156-160 
pjn-uvate decomposition, anaerobic, 161- 
163 

pyruvate formation as first phase of, 161- 
160 

Carbohydrate metabolism. See also Carbo- 
i hydrate fermentation and Carbohydrate 
oxidation 

anabolism, 174-176 
bibliogi;aphy, 184-189 
catabolism, 161-163 

enzymatic reactiona.in vitro and in living 
cells, 172-174 

glutathione, role in, 176-178 
mechanism, 149-189 
oxidative breakdown, 163-174 
orientation of reactions, 180-183 
Pasteur effect, 180-183 
regulatory mechanisms, 178-180 
role of pantothenic acid in, 266 
synthesis of carbohydrates, 174-176 

Carbohydrate metabolism in muscle tissue, 
biochemical reactions of metabolites, 
199-217 

of acetate, 214-215 
of acetoacetate, 215 
of citrate, 200-202 
of a-keto glutarate, 202-205 
of oxaloacetate, 205-208 
catalytic effects, 216 
metabolites, survey, 196-199 
transaminations, 215-216 

Carbohydrate metabolism, intermediary 
stages, 191-262. See also Carbohydrate 
metabolism, theory 


402 



SUBJECT INDEX 


403 


antiketogenesis, 246-247 
basic principle of experimentation, 192 
bibliography, 248-252 
and fat metabolism, 246-247 
glucogenesis from carbohydrates, 246-246 
inhibitors of, 194-196 
metabolic activities in animal tissues, 218 
metabolic quotient, definition, 196 
methods of experimentation, 192-217 
muscle as an experimental material, 193 
in muscle tissue. See Muscle tissue^ 199- 
217 

and protein metabolism, 245-246 
reaction schemes, 217-244 
related problems, 244-248 
Carbohydrate metabolism, theory of. See 
also Tricarboxylic acid cycle 
citric acid cycle, 223-235 
earlier theories, 221-223 
general principles, 217-221 
oxidation via acetate. 242-244 
Szent-Gyorgyi cycle and tricarboxylic 
acid cycle, 236-238 

Carbohydrate oxidation, 163-174. See also 
Carbohydrate metabolism 
enzymatic reactions in vitro and in the 
living cell, 172-174 
phosphorylation, aerobic, 170-172 
pyruvate oxidation and reversible red. ox. 

systems, 167-169 
via pyruvate, 164-169 
without previous fermentation, 163-164 
Carbohydrates, biological oxidation of, 191- 
252. See also Carbohydrate metabolism 
Caseinogen, amino acid content, 70 
Chromomeres, 2 

Chromosomes. See also Nucleoproteins, 
Nucleic acids, Nucleus 
mutation through ultraviolet irradiation, 
22-23 

bibliography, 32-34 
constituents, 13-19 
historical, 1-4 

nucleoprotcin content, 15-23 
nucleic acid content, 13-15 
protein content, 12-23 
splitting of, 18 
structure of, 18 
Citric acid cycle, 223-235 
Collagen, 72. 73, 91-96 
Corpuscular proteins, chemical and x-ray 
evidence on structure, 96-104 
egg albumin, 67, 68, 101-102 
hemoglobin, 68-70, 102-103 
insulin, 96-99 
lactoglobulin, 99-101 
tobacco mosaic virus, 103-104 
Cytoplasm, isolation from nucleus, 13-17 
nucleoprotein content, 6, 23-29 
ultraviolet absorption, 25, 26 


D 

Desmogly cogen, 133 
Desoxyribose. See Nucleic acids 


E 

Edestin, amino acid content, 66, 67 
Egg albumin, amino acid content, 67, 68 
shape of molecule, 101-102 
Egg white injury, 289-291, 305-307 
Electrodialysis, of glycogen, 113 
Enzymatic activity, of tumor-bearing and 
normal tissues, 315-334 
Enzymatic activity of normal tissues, of nor- 
mal and cancerous animals, 335-340 
Enzymatic breakdown of glycogen, 121, 124- 
126 

Enzymatic reactions, in vitro and in the living 
cell. 172-174 

Enzymatic synthesis of glycogen, 129 
Enzyme, yellow, amino acid content, 70 
Enzyme-catalyzed reactions, 45-62 
Enzyme kinetics, activation energy; of 
enzyme systems, 46, 47, 51-53, 59, 60 
of extracted and intracellular enzymes, 
55-57 

and nature of substrate, 49, 53-55 
activation entropy, 58 
bibliography, 60-62 

dissociation of enzyme-substrate complex, 
57 

inactivations of enzymes by heat, 41-45 
temperature dependence of enzyme-cata- 
lyzed reactions, 45-62 
temperature dependence of inactivation of 
enzymes, 41-45 

Enzymes and enzyme components, relative 
activity of, in tumors and normal tissues, 
315-334 

adenocarcinomas mucosa, 329-330 
carcinoma of prostate, 330-332 
hepatomas and liver, 318-327 
lymphomas and lymph nodes, 327-328 
mammary tumors and breasts, 328-329 
osteogenic sarcoma and bone, 332-333 
rhabdomyosarcoma and muscle, 329-330 
Enzymes and enzyme components, relative 
activity of, in normal tissues of normal 
and of tumor-bearing animals, 335- 
340 

in blood and serum, 340-344 
in kidney, spleen and adrenals, 337-338 
in liver, 335-337 
in muscle, 338 

Enzymes, role in wine making, 381-384 
oxidases of the grape, 381-383 
pectic enzymes, 383-384 
other enzymes^ 384 



404 


SUBJECT INDEX 


F 

Fat metabolism, and carbohydrate metabo* 
lism, 246-247 

Ferment. See Verdoperoxidaae 

Feulgen’s nucleal reaction, 4-6, 10, 23 
of viruses, 30 

Fibrous proteins, chemical and x-ray evi- 
dence on structure, 71-96 
collagen group, 72, 73, 91-96 
distribution of side chains, 81-88 
gelatin, 91-94 

a-keratin in porcupine quill, 88-91 
keratin-myosin group, 72, 73, 91-96 
rabbit myosin, 78-81 
silk fibroin, 73^76 
wool keratin, 77-81 
x-ray classification, 71^73 

G 

Genes, mutation by ultraviolet irradiation. 

21, 22 

and nucleoproteins. 21 
and viruses, 3, 4 

Glucogenesis from carbohydrates, 245-246 

Glutathione, role in carbohydrate metabo- 
lism, 176-178 

Glycogen, 109-135 
and albumin, 133 
bibliography. 133-135 
branching, 120, 126 
breakdown, indigestive tract, 126-127 
enzymatic, 121, 124-126 
in liver, 130 

in muscle and yeast, 130-131 
phosphor olysis, 127-130 
chemistry of, 109^133 
constitution, 119-122 
definition, 109 
fractionation, 113 
iodine reaction, 110, 120 
isolation, 111-113 
methylation, 120-124 
molecular shape, 119 
molecular size. 116-118 
molecular weight, osmotic, 114-116 
molecular weight, viscosimetric, 118-119 
osmotic pressure of solutions, 116-118 
in organs, 110-111, 132-133 
phosphorolysis, 127-130 
phosphorus and nitrogen content, 111, 113 
polymerization degree, 120, 133 
qualitative detection, 110, 122 
quantitative determination, 110, 111 
and starch, 11^120 
synthesis, biological, 131 
synthesis, enzymatic, 129-130 
viscosity of solutions, 118-119 

Glycogen derivatives, molecular weight, 115- 
116 

Qlyoogenolysis, 131 


H 

Hemoglobin, amino acid, content, 68-70 
structure, 102-103 

I 

Insulin, 96-99 

X 

Keratin. See Fibrous proteins 

Kinetics in heterogeneous systems, 40-41 

L 

Luctoglobulin, 9^101 

Lyoglycogen, 133 

M 

Mechanism of chemical reactions, 37-39 

Metabolic quotient, definition, 196 

Metabolism. See also Carbohydrate metabo^ 
lism 

biotin, role in, 289 

Microorganisms, role in wine making, 349- 
386 

Musts. See Wins making 

Mutation, in genes, 22-23 
in viruses, 31 

Myosin. See Fibrous proteins 

N 

Neoplasms, and their normal tissues of origin, 
318-334 

Nucleic acids. See also Chromosomes, Cyto- 
plasm, Nucleus 

absorption spectrum, 6-13, 21-23 
bond with protein, 17, 18 
in chromosomes, 13-15 
in cytoplasm, 23-28 
Feulgen’s reaction, 4-6, 9-10 
polymerization, 14, 15, 20, 30, 31 
in viruses, 29-32 

Nucleoproteins, in chromosomes, 15-23 
in cytoplasm, 6, 23-29 
and genes, 21, 28, 29-32 
in nucleus, 4-6, 28-29 
orientation, 20 
solubility, 19 
in viruses, 3, 29-32 

Nucleosides, 19 

Nucleus, absorption spectrum, 6-8 
nucleal reaction, 4-6, 10 
nucleic acid content, 4-6, 9-13 
protein content, 12-23 
isolation from cytoplasm, 13-17 
ultraviolet microscope investigation, 6-13 

O 

Oxidase. See Verdoperoxidase 



SUBJECT INDEX 405 


P ' 

Pantothenic acid. See also Pantothenic acid 
deficiency 

bibliography, 281-287 
biochemistry, 259-281 
biological 83mthe8i8, 262, 263 
chemi8try, 254-259 
cleavage products, 256-258 
distribution, 263 
isolation, 2£^255 
optical activity, 259 
origin, 263 
pharmacology, 279 
physiological activity, 259-263 
physiological functioning, 266-287 
physiological importance, recognition of, 
255-256 

potency, testing methods, 254-255 
quantitative determination, 264-265 
resolution, 259 
specificity, 259-263 
structure, 256-258 

and yeast growth, 255-257, 259, 261, 262, 
27^280 

Pantothenic acid deficiency, animal experi* 
ments with dogs. 275-276 
fowls, 268-270 
hogs. 276 
mice, 273-275 
other animals, 276-277 
rats, 270-273 

in human nutrition, 277-279 
Pasteur effect and carbohydrate metabolism, 
180-183 

Peroxidase. See Verdoperoxidaet 
Phosphorylation, aerobic, 170-172 
Phosphorylative and non-phosphorylative 
carbohydrate fermentation. 156-160 
Polysaccharides. See Glycogen, 109-135 
Protein denaturation, 43-45 
Protein metabolism, and carbohydrate me- 
tabolism, 245-246 

Proteins. See also Corpuscular proteins and 
Fibrous proteins 

chemical and x-ray evidence on structure, 
63-108 

collagen group, 91-96 
keratin-myosin group. 76-91 
proportion of amino acid residues, 64-71, 
74. 77-82, 94-97, 100 
2»3*» rule, 66-71, 88-91, 99, 100, 104, 105 
silk fibroin, 73-76 

x-ray classification of fibrous proteins, 
71-73. See also Fibrous proteins. 
x-ray evidence and stoichiometry of, 63- 
108 

P3rruvate, anaerobic decomposition, 161-163 
formation in carbohydrate fermentation, 
151-160 


oxidation and reversible red. ox. ssrstems, 
167-169 

Psrruvic acid, and pantothenic acid in carbo- 
hydrate metabolism, 266-267 

R . 

Ribose. See Nucleic adds 
S 

Salmine, 71 
Secretin, 68 
Silk fibroin. 72, 73-76 

Starch, and glycogen, comparison, 119, 122- 
126 

Stoichiometry of proteins and x-rays, 63-108. 
See also Proteins 

Systemic effect, and growth rate of tumor, 
338-339 

reversibility of, 339-340 
Ssent-Gy6rg3ri cycle, 236-238 

T 

Temperature dependence, of chemical kin- 
etics, general, 36-41 
of enzyme kinetics, 41-62 
Temperature effects on physiological phe- 
nomena, 69-60 

Tobacco mosaic virus, 103-104 
Transaminations, 215-216 
Tricarboxylic acid cycle, 235-241 
in animal tissues, 238-241 . 
in microorganisms, 240-241 
in molds, 241 

and oxidation of proteins, 246 
in plant material, 241 , 

and Szent-Gy6rgyi cycle, 236-238 
Tumor enzymology, bibliography, 345-348 
enzymatic activity of normal tissues of 
normal and cancer-bearing animals, 335- 
340 

enzymatic activity of tumor-bearing and 
normal tissues, 315-334 
neoplasms and their normal tissues of 
origin, 318-334 

systemic effect and growth rate of tumor, 
338-339 

systemic effect, reversibility of, 339-340 

V 

Verdoperoxidase, 137-148 
activity, 143-145 
analysis, 142-143 
band spectrum, 141-142, 143, 146 
bibliography, 147-148 
inactivation, 145 

oxidalic and peroxidatic reactions, 137- 
139, 143-145 

preparation, 138-141, 146 
spectroscopic investigation, 141-142 
Viruses, and genes, 3, 4 



406 


SUBJECT INDEX 


nucleic acid content, 2^32 
Vitamin H. See Biotin 
Vitamins, chick antidermatitis vitamin. See 
Pantothenic acid 

W 

Winemaking. See also Alcoholic Fermenta- 
tation, Wine spoilage. Yeasts 
bibliography, 384-386 
enzymes in, 381-384 

malic acid destruction by bacteria, 380-381 
microbial fermentation, 349-361 
microbial spoilage. 362-380 
microorganisms, role of, in, 349-381 
Wine spoilage, “bitter ferment” of wine, 377- 
378 

“hair bacillus” of mrtified wine, 379-380 
by lactic bacteria, 367-374, 379 
lactic souring, 367-374 
mannitic disease of wine, 374-377 
“Pousse” disease of wine, 367-^74 
slimy, 378-379 


“Tourne” disease of wine, 367-374 
by vinegar bacteria, 364-367 
by yeast films, 362-364 

X 

X-rays and structure of proteins, 63-108, 
See also Proteins 

Y 

Yeast growth, and pantothenic acid, 255- 
257, 259, 261, 262, 279-280 
Yeasts in wine making, 349-361. See also 
Alcoholic fermentation 
acetic acid, toxicity to, 358-359 
alcohol contents obtained, 359-360 
clouding of wine, caused by, 364 
in content of grapes, 352-356 
film-forming yeasts, 360-364 
pure cultures, importance of, 356-357 
sedimentation caused by, 364 
Yellow enzyme, 70 



CUMULATIVE INDEX OF VOLUMES WII 
A. Author Index 

VoL. Page 

Agnevy Kjelly Verdoperoxidase Ill 137 

Astburyy W. T.y X-Rays and the Stoichiometry of tiie Proteins Ill 63 

BarroUy E. S. Guzmariy Mechanisms of Carbohydrate Metabolism. An 

Essay on Comparative Biochemistry ITI 149 

Berger y J uHils, see Johnsoriy M arvin J. 

BergmanUy Max, A Classification of Proteolytic Enzymes II 49 

Bergmanuy Max, and Frutoriy Joseph S., The Specificity of Protein^uses . ... I 63 

Bully Henry B., Protein Structure I 1 

Cruess, W. V., The Role of Microorganisms and Enzymes in Wfiie Making. Ill 349 

Dam, Henrik, Vitamin K, Its Chemistry and Physiology II 285 

Delhruck, Max, Bacterial Viruses (Bacteriophages) II 1 

Franck, J,, and Gaff ran, H., Photosynthesis, Facts and Interpretations. . , I 199 

Fruton, Joseph S., see Bergmann, Max 
Fuller, W. H., see Norman, A. G. 

Gaffron, H., see Franck, J. 

Green, D. E,,' Enzymes and Trace Substances I 177 

Greenstein, Jesse P., Recent Progress in Tumor Enzymology Ill 315 

Hofmann, Klaus, The Chemistry and Biochemistry of Biotin Ill 289 

Holzapfel, Luise, Physikalisch-chemische Gesichtspunkte zum Problem 

der VirXisaktivitat I 43 

Johnson, Mavrin J., and Berger, Julius, The Enzymatic Properties of 

Peptidases II 69 

Krebs, H. A., The Intermediary Stages in the Biological Oxidation of Carbo- 
hydrate Ill 191 

Kurssanov, A. L., Untersuchung enzymatischer Prozesse in der lebenden 

Pflanze I 329 

Lipmann, Fritz, Metabolic Generation and Utilization of Phosphate Bond 

Energy I 99 

Meyer, Kurt H., The Chemistry of Glycogen Ill 109 

Mirsky, A, E., Chromosomes and Nucleoproteins Ill 1 

Niel, C. B. van. The Bacterial Photosyntheses and Their Importance for 

the General Problem of Photosynthesis I 263 

Norman, A. G., and Fuller, W. H., Cellulose Decomposition by Micro- 
organisms II 239 

Pfiffner, J. J., The Adrenal Cortical Hormones II 325 

Roberts, E. A. Houghton, The Chemistry of Tea Fermentation II 113 

Sizer, Irwin W., Effects of Temperature on Enzyme Kinetics Ill 35 

Sumner, James B., The Chemical Nature of Catalase I 163 

Tamiya, Hiroshi, Atmung, Garung und die sich daran beteiligenden Enzyme 

von Aspergillus II 183 

Fan Slyke, Donald D., The Kinetics of Hydrolytic Enzymes and Their 

Bearing on Methods for Measuring Enzyme Activity II 33 

FonA;, H. J,, Die Verdauung bei den niederen Vertebraten I 371 

Werkman, C. H., and Wood, H. G„ Heterotrophic Assimilation of Carbon 

Dioxide II 135 

Williams, Roger J,, The Chemistry and Biochemistry of Pantothenic Acid III 253 

Witzemann, Edgar J., A Unified Hypothesis of the Reciprocal Integration 

of Carbohydrate and Fat Catabolism II 265 

407 



408 


CUMULATIVE INDEX VOLUMES I-III 


VoL. Pao* 

Woody H. O.y see Werkmariy C. H. 

Zeller y E. Alberty Diamin-Oxydase II 03 

B. Subject Index 

Adrenal Cortical Hormones (Pfiffner) II 326 

Aspergillus: Respiration and Fermentation (Tamiy a,) II 183 

Assimilationy HeterotrophiCy of Carbon Dioxide (Werkman and Wood) II 135 

Bacterial Photosynthesis {yan I 263 

Bacterial Viruses (Delbrlick) II 1 

Bacteriophages (Delbriick). II 1 

Biotiny Chemistry and Biochemistry (Hofmann) Ill 289 

Carbohydrate and Fa^atabolismy Unified Hypothesis (Witzemann) II 265 

Carbohydrate MetalSnsmy Mechanism (Barron).-. Ill 149 

CarbohydrateSy Biological Oxidation (Krebs) Ill 191 

Carbon Dioxide, Heterotrophic Assimilation (Werkman and Wood) II 135 

Catalase, Chemical N aiure (Sumner) I 163 

Cellulose Decomposition by MiBtoorganisms (Norman and Fuller) II 239 

Chromosomes (Mirsky) Ill 1 

Diamine Oxidase (Zeller) II 93 

Enzyme Activity, Methods of Measuring (Van Siyke) II 33 

Enzyme and Trace Substances (Green) I 177 

Enzyme Kinetics, Temperature Effect (Sizer) Ill 35 

Fat and Carbohydrate Catabolism, Unified Hypothesis (Witzemann) II 265 

Glycogen, Chemistry (Meyer) Ill 109 

Hydrolytic Enzymes, Kinetics (Van Siyke) II • 33 

Kinetics of Hydrolytic Enzymes (Van Siyke) II 33 

Kinetics, Temperature Effect on Enzyme (Sizer) Ill 36 

Lower Vertebraia, Digestion (Vonk) I 371 

Nudeoproteins (Mirsky) Ill 1 

Oxidation, Carbohydrates (Krebs) . Ill 191 

Pantothenic Acid, Chemistry and Biochemistry (Williams) Ill 253 

Peptidases, Enzymatic Properties (Johnson and Berger) II 69 

Phosphate Bond Energy, Metabolic Generation and Utilization (Lipmann). . I 99 

PhotosyrUhesis, Bacterial (van Niel) I 263 

Photosynthesis, Facts and Interpretation (Franck and Gaffron) I 199 t« 

Plants, Living, Enzymatic Processes in (KurssanoV) I 329 

Protein Structure (Bull) I 1 

Proteinoses, Specificity (Be^gmann and Fruton) I 63 

Proteins, X-Rays and Stoichiometry (Astbury) Ill 63 

Proteolytic Enzymes, Classification (^rgmann) II 49 

Respiration of Aspergillus (Tamiya) II 183 

Stoichiometry of Proteins (Astbury) Ill 63 

Tea Fermentation, Chemi8tr:y {Babeiia) II 113 

Temperature Effects on Enzyme Kinetics (Sizer) Ill 35 

Trace Substances and Enzymes (Green) I 177 

Tumor Enzymology (Greenstein) Ill 315 

V erdoperoxidas'e (Agner) Ill 137 

Virus Activity, Physicochemical AspecU {llo\za.pie\) I 43 

Vitamin K (Dam) II 285 

Wine Making, Microorganisms and Enzymes (Cruess) Ill 349 

X-Rays of Proteins (Astbury) Ill 68 






